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Decolorization and biodegradation of the azo dye methyl
red (2'-carboxy-4-N,N-dimethylamino-azobenzene) by the
strict aerobe Acetobacter liquefaciens S-1 were demonstrated
by the di3appearance of the brownish orange color of the
screening Medium agar plate containing methyl red, by the
change in absorption spectra of methyl red, and by the
identification of the two degradation products of methyl
red, namely anthranilic acid and N, N'-dimethyl-p-phenylene
diamine using thin layer chromatography and high performance
liquid chromatography.
The toxicity of methyl red towards A. liquefaciens S-i
was determined. Decolorization of 100 ppm methyl red was
essentially complete within 17 hours of incubation in both
shaking and static cultures of which the static culture was
more efficient in methyl red decolorization. Complete
decolorization of methyl red (up to 400 ppm) occurred in the
culture which was grown on 1 g/l of (NH4)25O4 as nitrogen
source and 1% ethanol as carbon and energy source. Cells of
A. liquefaciens S-i were able to metabolize methyl red as
sole nitrogen source for growth, although the time required
to achieve high decolorization efficiency (95%) of methyl
8red was considerably longer (72 hours) under this condition.
Anthranilic acid, one of the degraded products of methyl
red, was also able to serve as the sole nitrogen source for
growth of A. liquefaciens S-l.
Methyl red azo-reductase is the enzyme that reductively
cleaved a methyl red molecule to anthranilic acid and DMPD
Studies with cell free extract indicated that the azo-
reductase from A. liquefaciens S-1 was an intracellular
enzyme which was oxygen-insensitive in vitro. NADH served as
a better electron carrier than NADPH for the decolorization
process. The enzyme was not inducible by methyl red, or by
static cultivation, or by various carbon and nitrogen
sources. The high efficiency of methyl red decolorization in
static culture may be explained by the competition for
electron carriers between methyl red and oxygen. When oxygen
content was low, more electrons will be transferred to the
dye. A. liquefaciens S-1 can grow on various carbon sources,
however, the efficiency of methyl red decolorization
differed in media containing different carbon sources.
Ethanol, 1-propanol and 1-butanol were the best carbon
sources for methyl red decolorization by the bacterial
strain. The results can be correlated with the degree of
reductance of substrates.
Ammonium sulphate was a better nitrogen source than
potassium nitrate for both Growth of the bacterial cells and
10
decolorization of methyl red by the cells.
1% ethanol was a better carbon source for methyl red
decolorization than 1% acetate in the continuous culture of
A. liquefaciens S-i. Up to 90% of methyl red was removed in
the former. Complete decolorization of methyl red was
achieved in a 2 stage continuous culture set up of A.
liquefaciens S-i, suggesting that this technique is highly
possible to be applied for treatment of large volumes of
waste water containing methyl red.
Calcium alginate was used as an immobilized matrix for
cells of A. liquefaciens S-1 for methyl red decolorization.
The conditions for the decolorization of methyl red by the
immobilized A. liquefaciens have been optimized. A first
order kinetic was observed at low concentration of methyl
red. On the other hand, zero order kinetic was found at high
methyl red concentration. Decolorization of methyl red was
essentially complete in the continuous column when the
initial methyl red concentration was up to 300 ppm (flow
rate= 10 ml hr-1, void volume= 5 ml). This high removal
efficiency was maintained by the immobilized cells for a
relatively long period of time. Decolorization of methyl red
by the immobilized cells column was saturated at high methyl
red concentration.
1INTRODUCTION
Azo dyes are one of the most important classes of dyes
utilized in textile dyeing, cosmetics and food industries.
Azo disperse dyes are used to dye many of the synthetic
fibres commonly used today. These fibres are hydrophobic
and require azo dyes which are almost insoluble in water.
However, these dyes have very high tinctorial value, and
color the water, giving streams and rivers an unattractive
appearance.
The azo linkage, which is not synthesized in nature,
seems to be resistant to aerobic degradation by
microorganisms in waste water treatment (Anliker, 1979).
Thus, the effluent from dye manufacturing plants and from
dye works has to be subjected to expensive physical or
chemical treatment in order to meet antipollution laws.
The reduction of azo compounds under anaerobic
conditions, on the other hand, is quite common (Meyer,
1981). They can be catalysed by the class of enzyme, azo-
reductases, located in mammalian hepatic microsomes (Daniel,
1967 Fouts et al., 1957 Hernandez et al., 1967 Huang et
al, 1978 Renton, 1980 Walker, 1970) or by intestinal
microorganisms (Brown et al., 1981 Childs et al., 1967
2Chung et al., 1978 Dubin and Wright, 1975 Roxon et al,
1966 Walker and Ryan, 1971 Watabe et al., 1980). However,
the reduction of azo compounds results in the accumulation
of toxic aromatic amines since they cannot be further
degraded under anaerobic conditions (Meyer, 1981).
In order to achieve complete degradation of azo
compounds, bacteria which can cleave the azo bond under
aerobic condition have been isolated (Idaka and Ogawa, 1978
Idaka et al., 1987c Kulla, 1981). However, there are only
few reports exist in the literature concerning this research
area and more studies on this subject is warrented.
3OBJECTIVES
The present research project aims to achieve the
followings:
(1) To isolate and identify a bacterium which can
decolorize and degrade the synthetic azo dye, methyl
red (2'-carboxy-4-N,N-dimethylamino azobenzene), under
aerobic condition.
(2) To optimize the conditions for methyl red
decolorization and degradation by the selected
bacterial strain in batch culture.
(3) To set up and evaluate a bench scale device and
optimize the conditions for continuous decolorization
and degradation of methyl red by the selected bacterial
strain.
(4) To evaluate the efficiency of decolorization and
degradation of methyl red by immobilized bacterial
cells.
4LITERATURE REVIEW
I. GENERAL PROPERTIES OF AZO DYES
Azo dyes are the most important class of dyes,
comprising over 50% of total world dyestuffs production
(Gordon, 1983).
1. Azo dyes are usually easy to prepare in a multi-
purpose chemical plant from cheap, readily available
starting materials
2. Azo dyes cover the whole shade range
3. Azo dyes have good fastness properties.
A. BASIC STRUCTURE OF AZO DYES
All azo dyes contain at least one, more usually two,
aromatic residues attached to the azo group. They exist in
the more stable trans-form(Fig. 1 A) rather than the cis-
form (Fig. 1 B). Both nitrogen atoms are sp2 hybridized so





Figure 1. Trans-form (A) and cis-form (B) of azo dyes
5Azo dyes may contain more than one azo group, e.g.
diazos and triazos, which contain 2 and 3 azo groups
respectively, but rarely do they contain more than four azo
groups.
B. REACTIONS AFFECTING THE AZO GROUP
1. Action of acids
The azo group has weakly basic properties and forms
at ordinary and moderate temperatures, in non-
hydroxylic solvents, loose salt-like combinations
with HCl, HBr and HF, from which the parent compound
is readily regenerated with water.
2. Reduction and fission
Reducing agents convert azo compounds to hydrazo
derivatives, which can be reoxidised to the original
substance or on further reduction, split into two
molecules of amine:
Ar'NH,ArNH,,ArNH:NH.ArArN:NAr +
6The usual reductive fission agents are acid stannous
chloride or zinc dust and caustic soda. Sodium
hydrosulphite in acid or alkaline media and more
conveniently, titanous chloride or sulphate, are
employed for the quantitative determination of the
azo group.
3. Oxidation
Oxidising agents, e.g. organic peroxides, convert the
azo to the azoxy group. Nitric acid may act
similarly with simultaneous nitration, or may cause
fission.
II. THE METABOLISM OF AZO COMPOUNDS BY BIOLOGICAL SYSTEMS
Reduction of azo dyes by biological systems aroused the
interest of researchers in two aspects: firstly, the
administration of azo dyes orally as food or drug colorants
leads to the hepatic reduction of the azo linkage. The azo
dye reduction by hepatic microsomal or cytosolic fractions
have been investigated. Secondly, the azo dyes may be
reduced and cleaved inside the intestines of mammals by
intestinal bacteria under anaerobic condition.
7A. Azo-reductases
The enzyme responsible for the initial degradation of
azo dyes is azo-reductase. Two kinds of azo-reductases have
been studied in detail. They were the mammalian
azo-reductases and the bacterial azo-reductases.
(1) Mammalian hepatic azo-reductases
a. Microsomal azo-reductases
Much effort has been made in the investigation of
mammalian azo-reductase activity which was found to be
mainly localized in the liver microsomes (Daniel, 1967
Walker, 1970). Mueller and Miller (1948, 1949) showed that
the reductive fission of 4-N-N-dimethylaminoazobenzene
occurred in vitro when the azo dye was incubated
anaerobically with rat liver microsomes and NADPH. They
found that this mammalian hepatic azo-reductase a
flavoprotein and suggested that it might be identical with
NADPH-cytochrome C reductase. Later, Hernandez (1967)
confirmed that purified NADPH-cytochrome C reductase
catalyzed the reductive cleavage of azo dye. However, not
all of the liver microsomal azo-reductase activity can be
attributed to this flavoprotein. The fact that a portion of
8the liver microsomal azo-reductase activity was inhibited by
carbon monoxide suggested the possible involvement of
cytochrome P-450 in the reduction of azo compounds
(Hernandez, 1967). In addition to these electron transport
components, cytochrome b5 has been implicated as an electron
carrier in the metabolism of amaramth. (Autrup et al., 1975)
Kinetic studies of hepatic azo-reductase indicate' that
the enzyme could not be saturated within the limits of the
solubility of neoprontosil (Fouts et al, 1957). It has been
speculated that there exists in the liver an indirect
reduction system in which the coenzyme FAD is not a tightly
bound prosthetic group but, in its fully reduced form,
reduces various substrates non-specifically (Fouts et al.,
1957). The system postulated is shown in Fig. 2.
NADPNADPH,
FADH2FAD




NR4 FADH2+ RN 4 FAD+ RNH2+ R' NH2
Fig. 2. System postulated for non-specific azo reduction by
FADH2
The postulated indirect enzyme reduction of azo groups
by FADH2 would account for the kinetic observations if the
rate of reduction of the azo group by FADH2 considerably
exceeds that of the enzymic reduction of FAD+ or FADH. The
enzymic step would then be rate-determining, showing usual
enzyme kinetics with an ability to saturate the enzyme with
NADPH. The inability to saturate the enzyme with
neoprontosil could then be explained, as well as the non-
specificity of the enzyme.
b. Cytosolic azo-reductase
While most azo compounds are metabolized by the enzymes
localized in liver microsomes, a few of the azo dyes can be
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metabolized by the liver cytosol fraction. (Daniel, 1967
Autrup et al., 1975) Huang et al (1978) reported the
reduction of 2'-carboxy-4-(N,N-dimethylamino)-azobenzene
(methyl red) by rat liver cytosol preparation. This azo
reductase activity is greatly induced to 7 to 10-fold by
pretreating the rats with 3-methylcholanthrene. This azo-
reductase differs from the microsomal azo-reductase in that
it is insensitive to oxygen and carbon monoxide and it has a
different substrate specificity (Huang et al., 1978).
The cytosolic azo-reductase has been purified to
apparent homogeneity, which shows a molecular weight of
30,000 daltons in SDS polyacrylamide gel electrophoresis
(Huang et al., 1979a). In the absence of detergent,
chromatography on Sephadex G-100 give a molecular weight of
about 52,000 daltons, suggesting that the native enzyme may
exist as a dimer. It also has a typical flavoprotein
absorption spectrum and contain 2 mole of FAD/mole of
enzyme. A study on its structural activity indicates that
the 2'-carboxyl group of methyl red is essential for
catalysis since other structurally related analogs are
totally inactive (Huang, 1979b).
The rat liver cytosolic azo-reductase has been further
characterized with respect to its electron-accepting and
electron-donating properties and the mechanism of dicumarol
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inhibition (Huang et al., 1979a). Anaerobic titration of the
enzyme with NADPH as electron donor indicates that each mole
of enzyme can accept 4 reducing equivalents or 2
electrons/moles of enzyme-bound FAD. Under anaerobic
condition, 2 moles of NADPH are required for the reduction
of 1 mole of methyl red which is consistent with the
expected stiochiometry for reduction of the azo linkage of
methyl red NADPH.
A mechanism based on the above results was proposed
(Huang et al., 1979a).
FAD FADH2












Dicumarol has been found to strongly inhibit the azo-
reductase catalysed reduction (Huang et al., 1979a).
Spectrophotometric measurements indicated that approximately
1 mole of dicumarol binds to 1 mole of purified azo-
reductase bound FAD. Dicumarol is a competitive inhibitor of
methyl red reduction with respect to NADPH and appears to
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inhibit the reaction by interfering with electron transfer
from NADPH to enzyme-bound FAD. The co-purification of both
enzyme activities as well as the apparent homogeneity of the
final enzyme preparation suggest that the rat azo-reductase
from rat liver appears to be identical with rat DT-
diaphorase of which dicumarol is a potent inhibitor of DT-
diaphorase (Ernster, 1967).
(c) Inhibition of azo-reductase by oxygen
Azo compounds are known to be degraded via reductive
cleavage (Walker, 1970) and oxygen has been found to be an
inhibitor of azo-reductase system (Fouts et al., 1957
Gingell and Walker, 1971 Hernandez et al., 1967). Several
mechanisms have been proposed to explain the effect of
oxygen on azo-reductase. Mason et al. (1978) in their
studies of azo reduction of a diazonaphthol dye, sulfonazo
III, postulated a mechanism for the 02 inhibition of the
reduction of this compound. They suggested that sulfonazo
III can be rapidly reduced to azo anion free radical in
anaerobic and aerobic microsomal incubations. Under aerobic
condition, the reaction of this free radical with 02 appears





FH R-N=N-R 02NAD (P
The air oxidation regenerates the parent azo compound
and appears to be responsible for the 0 inhibition of
microsomal azo reduction of sulfonazo III, and possibly
other oxygen-sensitive azo-reductases.
Another similar mechanism was proposed by Hernandez et
al. (1967). These authors studied the azo reduction of
neoprontosil and proposed that the first intermediate in the
reduction was a 2 electron reduction product, the
corresponding hydrazine derivative R-NH-NH-R'. The oxidation
of this intermediate was the major step for oxygen
inhibition of azo dye reduction by the azo-reductase.
02R-N-N-RNAD(P)H F'
V9,
R-N=N-R, 2NAD (P) H 2 0 2
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Botn scnemes suggestea tnat the futile metabolism of
the dye would lead to the stimulation of 02 reduction to
superoxide and /or H2 and the oxidation of NADPH.
A third mechanism to explain the inhibitory effect on
azo-reductase by 02 on the reduction of sulfonazo III was
based on the suggestion that the reduction was catalysed by
an air-oxidizable enzyme or cofactor (Mason et al., 1978).
(2) Bacterial azo-reductases
One finds in the literature a paucity of information on
bacterial azo-reductases. This is mainly due to the fact
that few studies have been carried out to investigate the
degradation of azo compounds. Hartman et al. (1978) was
probably the first one to study a bacterial azo reductase in
the cell free extract of a human intestinal anaerobe,
Fusobacterium sp. 2 in the reduction of trypan blue.
The possibility of using bacteria to solve the
pollution problems caused by dyes was not awared until the
middle of the 70's. Azo dye-degrading bacteria were
isolated from various sources (Horitsu, 1977 Idaka and
Ogawa et al., 1978 Kulla, 1981 Yatome et al., 1981). The
bacterial azo-reductases were purified and used in the azo-
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study of azo dyes reduction. The Pseudomonas KF46 orange II
reductases purified and characterized by Zimmermann et al.
(1982) was an enzyme catalysing the reductive cleavage of
the azo bond of orange II and related dyes. The enzyme is a
monomer with a molecular weight of 30,000 daltons and
requires NADH or NADPH as co-substrate. Zimmermann et al.
(1984) purified another azo-reductase from Pseudomonas KF24,
orange I azo-reductase, and found that there were common
properties shared by the two azo-reductases which included
the monomeric structure, and the specificity for NADPH and
NADH, etc. However, these two differ with respect to
molecular weight (21,000 and 30,000 daltons, respectively),
and in the absolute requirement of orange I azo-reductase of
a hydroxy group in the 4' position of the naphthol ring of
the substrate molecule as compared to the requirement for
substrates with a 2-naphthol moiety by orange II azo-
reductase. Furthermore, the purified enzymes do not exhibit
immunological cross-reaction with each other.
Idaka et al. (1987a) partially purified a p-
aminoazobenzene (PAAB) azo-reductase from Pseudomonas
cepacia 13 NA. Some properties of the enzyme was described
in which NAD(P)H was required as co-substrate.
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Table 1. Comparison of the properties of three purified azo-
reductases
methyl red orange I orange II
azo-reductase azo-reductase azo-reducta
rat hepatic bacterial1. source bacterial
cytosol Pseudomonas Pseudomonas
KF24 KF46
methyl red orange I2. substrate orange II
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III. ANAEROBIC REDUCTION OF AZO COMPOUNDS BY INTESTINAL
MICROORGANISMS
It has long been known that azo dyes can be reduced by
microorganism in vitro. Dieckhues (1960) carried out a
survey on the reduction of azo compounds by microorganisms.
He screened 21 bacterial species, with some normal mammalian
gut populations, against 14 azo compounds and found that the
reduction was fairly general and non-specific. He also
found that a species of Streptococcus, a species of
Proteus, and a species of Bacillus pyocyaneus were
particularly active. However, the implication of the gut
microorganisms in the metabolism of azo dyes after oral
administration was only resulted from the work of Radomski
and Mellinger (1962) who demonstrated that modifications of
azo compounds had taken place in the gut of experimental
animals before absorption. With the use of antibiotics, the
urinary excretion of azo colouring increased. So it has been
suggested that the observed reductive fission of the azo
group in the gut was probably due to the action of the gut
microorganisms (Radomski and Mellinger, 1962). Childs et
al. (1967) demonstrated that the intestinal contents and the
intestinal tissues and clones of bacteria isolated from the
rat gut contained active azo-reducing activity.
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Much efforts has been made in isolating microorganisms
responsible for azo reduction. Roxon et al. (1966) isolated
a Proteus sp. capable of reducing tartrazine, a common
yellow colouring used in food and pharmaceutical products,
in both growing culture as well as in resting cell
suspensions. The reaction was inhibited by oxygen and was
glucose dependent.
The mechanisms of azo reduction by Streptococcus
faecalis was investigated by Gingell and Walker (1971). They
found that with the addition of soluble flavin, the reduced
flavins acted as 2-electron donors and reduced Red 2 G non-
enzymatically. Also the reduced flavins can act as an
electron shuttle from NAD(P)H-dependent flavoproteins to the
acceptor azo compound. Inhibition studies also indicated
the direct participation of soluble flavins and the non-
involvement of cytochromes in azo reduction. (Gingell and
Walker, 1971). Wuhrmann et al (1980) studied the rate
determining factors in the reduction of azo dyes by Bacillus
cereus. A first order kinetics of decolorization were
found. The observations further confirm the hypothesis
advanced by Gingell and Walker (1971) of an intracellular,
non-enzymatic reduction of azo compounds by reduced flavin
nucleotides.
Attempts have been made to relate the reduction of azo
19
dyes to molecular parameter. Walker and Ryan (1971)
suggested that the predominant factor determining the
reduction rate was the electron density in the region of the
azo group while the additional factor of stabilization by
hydrogen bonding must also be considered. However, such
structure-activity relationships have been criticized by
others to be difficult to establish, partly because the
reduction rate in bacterial cultures are not easy to measure
in a reproducible manner (Dubin and Wright, 1975).
Dubin and Wright (1975) measured the reduction rate of
a number of water-soluble dyes in whole cell cultures of
Proteus vulgaris anaerobically. The rates of colour loss
were found to correlated the rate constants of the various
dye with their own redox potential. It was also found that
the logarithm of the relative rate constant varied in a
linear manner with the redox potential of the 6 selected azo
dyes. A mechanism has been postulated based on the above
results which involved an extracellular non-enzymic reducing
agent. The agent acts as an electron shuttle between the
azo dye and the cellular reducing enzymes (Dubin and Wright
1975).
Chung et al. (1978) also suggested that an
extracellular shuttle was required for azo dye reduction.
In an experiment using cell suspensions of predominant
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intestinal anaerobes from human, 7 azo dyes were reduced to
their degradation products. Bacteriodes thetaiotaomicron, a
predominant microbe in human intestine, showed an optimal
condition of azo reduction at pH 7.4 in 0.4 M phosphate
buffer. Unlike the finding of Roxon et al. (1966), the azo
reduction was inhibited by glucose.
IV. THE DEGRADATION OF SYNTHETIC DYES BY MICROORGANISMS
(A) Degradation of azo dyes
Early studies on the microbial degradation of azo
compounds mainly focused on the reduction of the dyes by
intestinal microbes (Childs et al., 1967; Roxon et al.,
1966). Later, Wilcox et al. (1970) discovered two bacterial
species belonging to Pseudomonas and Bacillus, respectively,
were able to decolorize three azo dye solutions used for
impregnation of pencil slats. This led to subsequent efforts
in searching for azo dye-degrading microorganisms with the
hope to deal with possible water pollution caused by azo
dyes. Horitsu et al. (1977) obtained a species of Bacillus
subtilis from waste water containing dyestuff, which was
able to degrade p-aminoazobenzene (PAAB) anaerobically. The
degraded products, identified as aniline and p-
phenylenediamine, suggested the first degradative reaction
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of PAAB was reductive fission of the azo bond. In a
subsequent report, Horitsu et al. (1982) identified more
degraded products and discovered another pathway in which
PAAB was metabolised to p-acetamidoazobenzene. They
suggested that PAAB was degraded via two pathways. One was
cleavage fission to aniline and p-phenylenediamine, and the
aniline is then metabolised to acetanilide, and the p-
aminoacetanilide to p-phenylenediacetamide. The other
pathway is by acetylation of PAAB to p-acetamidoazobenzene.
Idaka and Ogawa (1978) isolated a PAAB-degrading
bacterium from the effluent of the draining ditches of
dyestuff factories. The isolate was identified as Aeromonas
hydrophila var. 24B. Unlike the Bacillus sp. isolated by
Horistsu et al.(1977), A. hydrophila var. 24B is able to
eliminate colour of PAAB in both shaking and static
cultures.
Another PAAB-degrading bacterial species was isolated
by Yatome et al. (1981), and identified as Pseudomonas
pseudomallei 13NA which was able to decolorize a number of
azo and triphenylmethane dyes. A study on the degradation
of PAAB by Pseudomonas pseudomallei 13NA by a three stages
continuous cultivation was carried out (Ogawa et al., 1981b)
in order to improve the existing biological treatments for
waste dye-liquor. This bacterium was found to be very
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effective in degrading PAAB in this system in which up to 80
% of 10 ppm PAAB was removed.
Idaka et al. (1987c) studied the reductive metabolism
of PAAB by Pseudomonas cepacia 13NA. The degraded products
were identified in a resting cell culture. The degraded
products identified indicated that the PAAB was initially
cleaved to aniline and p-phenylenediamine and the
acetylation of the resulting amine. Similar to the
mechanism proposed by Idaka et al. (1982), part of the
aminoazobenzene was acetylated. However, the resulting
acetamidoazobenzene underwent further reductive fission at
the azo bond in this case. The oxidative pathway after the
reduction of PAAB was comprehensively studied by Idaka et
al. (1987b), which resulted in the formation of o-
aminophenol, m- and p-acetamidophenol, and 3,4-
dihydroxyacetanilide.
Besides PAAB, another simple azo compound DCAB (4',4'-
dicarboxyazobenzene) had been used as a model compound to
study the biochemical pathways of the degradation of azo
compounds. Kulla et al. (1984) isolated a soil bacterium,
Flavobacterium sp., which was able to grow with DCAB as sole
carbon, nitrogen and energy source. Once again the
identified degraded product was 4-aminobenzoate, which
suggested the first degradative step was a reductive
cleavage. After growing in a continuous culture for a the
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prolonged period of time, this bacterial strain developed
ability for degradation of more complex azo dyes of the
Orange I and Orange II types. Further characterization of
the bacteria, Kulla et al. (1984) found that it belonged to
the genus Pseudomonas and the Orange II (Zimmermann et al.,
1982) and Orange I (Zimmermann et al., 1984) azo-reductases
were purified and characterized.
(B) Degradation of other dyes
There are few reports in the literature concerning the
degradation of dyes other than azo compounds by pure culture
of microorganism. This is partly due to the difficulty in
working out the pathway of degradation of a very complex
organic compound. The degradation of a triphenylmethane
dye, crystal violet by the oxidative red yeasts Rhodotorulae
sp. and R. rubra, was studied by Kwasmiewska (1985).
However, only decolorization was observed and no degraded
product was identified. Bumpus and Brock (1988)
investigated the degradation of crystal violet by white rot
fungus Phanerochaete chrysosporium and identified three
metabolites. These results demonstrated that the
degradation of crystal violet is dependent, at least partly,
upon its lignin degrading system. Six other
triphenylmethane dyes were also shown to be degraded by the
lignin-degrading system of this fungus. The results are
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quite similar with the fending of Glenn and Gold (1983) who
found that decolorization of polymeric azo dyes was related
the lignin-degrading system of the same fungus.
V. REMOVAL OF DYES BY THE CONVENTIONAL SEWAGE TREATMENT
PROCESS
The ecotoxicological problems imposed by textile
dyestuffs has been realized. Indeed, some dyes have been
shown to be mutagenic by the Salmonella-mammalian microsome
mutagenicity test (Chung et al., 1981). Some azo compounds
are reported to be carcinogenic in animals (Weisburger and
Weisburger, 1966). Therefore, the removal of these
chemicals from the environment is the concern of
environmentalists and the general public.
(A) Effects of dyes on microorganisms
It had been shown that certain dyes had inhibitory
effects on the growth of microorganisms (Chan and Ko, 1978
Fung and Miller, 1972 Petroff and Gump, 1935). Michaels
and Lewis (1985) studied the sorption and toxicity of 5 azo
and triphenylmethane dyes to aquatic microorganisms. The
results indicated that sorption of dyes to viable cells of
freshwater microbiota require from 8 to 24 hours to reach
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equilibrium and the survival of microorganisms decreased
with increasing dye concentration.
Studies have been carried out to investigate the
behavior of activated sludge with dyes. Yonezawa and
Urushigawa (1977) studied the inhibitory effect of 19 azo
compounds on growth of activated sludge microorganisms in
terms of LD50. The results indicated a relationship
probably exist between the inhibitory effect and the cell
membrane permeability of these azo compounds. Ogawa et al.
(1981a) showed that activated sludge organisms can be
acclimatized to grow at medium containing dyes. Idaka et al.
(1985) also carried out a similar study with the use of 3
dyes. He observed a tremendous drop of the inhibitory
effects of the dyes after acclimatization was acheived.
(B) Deqradation of dyes by activated sludge
Despite the recalcitrant nature and inhibitory effects
of dyes on microorganisms, degradation of dyes by sewage
microorganisms has been reported. Pratt (1970) reported the
degradation of azo dyes by sewage microbes in a model
aeration tank. The results suggested a direct correlation
between the number of water-solubilizing groups of the dyes
and the rate of biological degradation. The product of
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reductive cleavage had been identified by thin-layer
chromatography (Pratt, 1970). Powell (1970) showed that
three out of four anthraquinone disperse dyes were partially
metabolized by activated sludge bacteria. Anderson (1970)
also studied the degradation of three vinyl sulfone reactive
dyes in conventional activated sludge waste treatment plant.
The results showed that degradation occurred as revealed by
chromatographic and spectrometric analysis.
Urushigawa and Yonezawa (1977) studied the
relationship between the biodegradability of 31 azo
compounds and their molecular structures. Results indicated
that only azo compounds with amino and hydroxy derivatives
were decolorized but not those with hydrogen-, chloro-,
methoxy-, and nitro- derivatives.
Idaka et al. (1985) measured the removal of 3 dyes,
Congo Red, Orange II and Crystal Violet, in terms of color
loss by acclimated activated sludge microorganisms. Results
indicated that color loss increased with repeated
cultivation (i.e. acclimated sludge). The transformation
rates of one azo and two triphenylmethane dyes were
determined by Michaels and Lewis (1986) using both
laboratory and field collected microbes. The data they
obtained suaaested that the dyes are only degraded slowly
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by the. aerobic aquatic microorganisms. However, Pagga and
Brown (1986) carried out a comprehensive study of aerobic
degradation tests. He tested eighty seven dyestuff and
found that no degradation took place. Color removal indeed
happened, but most probably attributed to elimination of
dyes by adsorption.
In conclusion, the complete degradation of synthetic
dyes by activated sludge process is very unlikely but
probably dye assimilating bacteria can be employed to tackle
this problem.
VI. REVIEW ON METHYL RED
(A) General properties of methyl red
Methyl red is a monoazo compound. The chemical name is
2'-carboxy-4-(N,N-Dimethylamino)-azobenzene. Its empirical
formulae is C15H15N302 with a molecular weight of 269.29.
Its structural formulae is shown in Fig. 3.
It is a glistening violet crystals which is insoluble
in water but soluble in alcohol, acetic acid and alkaline
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solution.
(B) Potential hazards of methyl red
Fung and Miller (1973) reported that methyl red
inhibited the growth of 8 tested gram negative bacteria out
of 14, but not the 16 tested gram positive bacterial strains
at a concentration of 1: 1,000. Chan and Ko (1978) also
indicated methyl red inhibited bacterial growth. Yonezawa
and Urushigawa (1977) found that methyl red inhibited the
growth of activated sludge bacteria. In a mutagenicity test
carried out by Chung et al. (1981), methyl red was found to
be a more potent mutagen than methyl yellow which is a
potent liver carcinogen (Autrup et al., 1975 Ketterer et
al., 1970). Therefore, methyl red is a potent environmental
hazard.
(C) Degradation of methyl red
With the use of activated sludge microorganisms,
Urushigawa and Yonezawa (1977) found that methyl red at a
concentration of 50 mg/l (50 ppm) could be degraded up to 9.0-
% in 3 days by monitoring the decrease of absorbance of
suuernatant only.
Reduction of methyl red was also reported in anaerobic
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sediment/water system (Weber and Wolfe, 1987). A pseudo-
first-order reaction was observed and the rate constant was
5.11 x 103 min-1. It was noted that the process was abiotic
but the reducing agent was heat labile. Fig. 3. shows the
degradation of methyl red into anthranilic acid and N',N-
dimethyl-p-phenylene-diamine. The latter has been found to
be a mutagen (Chung et al., 1981).
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Preliminary experiments to investigate the stability of
methyl red in the culture medium
0.1 ml of the following reagents was added separated to
test tubes, each containing 2ml BM plus 100ppm methyl red.
Color change was observed after one hour.
The reagents were:
1. Acids
a. concentrated nitric acid
b. concentrated hydrochloric acid
c. concentrated sulphuric acid.
2. Reducing agents




Isolation of methyl red decolorizing bacteria
Water samples were collected from Tuen Mun River in the
New territories, Hong Kong, which is heavily polluted by
industrial effluent. Serial dilutions of the water samples
were prepared with distilled water, and 0.1 ml aliquots of
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each diluted sample were spread on nutrient agar (Difco)
plates which were incubated at 30 °C for 48 hours.
Morphologically different colonies appeared on the plates
were picked and streaked on Screening Medium (SM) agaz
plates, which had the following chemical composition:
Glucose, 5 g (NH4)2HPO4, 0.5 g yeast extract, 0.25g
MgSO4.7H20, 1.5 g agar (Difco), 18 g methyl red (Merck)
dissolved in absolute ethanol, 100 ppm, and added distilled
water to 1000ml. The pH the medium was adjusted to 7.0.
All the plates were incubated at 30 °C for at least 72
hours, and bacterial colonies surrounded by clear zones
against the brownish orange background on the agar plates
were picked and purified by being restreaked on fresh SM
agar plates. The bacterial isolate which showed the largest
clear zone surrounding its colony was selected for further
studies. In all subsequent experiments, the bacterial strain
was grown in Basal Medium (BM) which contained ethanol, 1%
(v/v) MgSO4.7H2O, 0.5 g CaSO4.2H20, 0.05 g FeSO4.7H2O,
0.01 g (NH4)2504, 1 g potassium phosphate buffer (pH 7.5),
0.05 M methyl red dissolved in 0.01M KOH at a final
concentration of 100 ppm, and. distilled water, 1000 ml.
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Identification and characterization of the isolated
bacterial strain
The bacterial isolate was subjected to a battery of
morphological, biochemical and physiological tests. The
tests including Gram's stain, oxidase test, catalase test,
identification of acetic acid from culture grew with ethanol
as sole carbon source. Tests of acid production from
various sugar included D-arabinose, maltose and D-fructose.
Ethanol, acetate and glucose were tested for utilization as
carbon source by the strains. Various L-amino acids were
also tested for utilization by the strain as sole nitrogen
source. The L-amino acids included L-glycine, L-threonine,
L-tryptophan, L-asparagine, L-glutamine. The results
obtained were compared with the bacterial strains described
in Bergey's Manual of Determinative Bacteriology (Buchanan
and Gibbons. 1974).
Identification of the biodegradation products of methyl
red
I. By spectrophotometric method
The degradation of methyl red into anthranilic acid (2-
aminobenzoic acid) and N,N-dimethyl-p-phenylene
diamine(DMPM) in the culture was monitored by measuring the
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absorbances of methyl red and these two products in the
culture supernatant at desired time intervals during
incubation of the culture growing in BM at 30 °C.
II. By thin layer chromatographic method
Anthranilic acid and N,N dimethyl-p-phenylene diamine
were identified by thin layer chromatography. The cells
were harvested at 7500 x g for 20 minutes, washed 3 times
with 30 mM phosphate buffer (pH 7.5) and resuspended in 100
ml of the same buffer. Methyl red (200 ppm) and 1%
absolute ethanol was added to suspension which was incubated
at 30 °C for 2 hours until completed decolorization of
methyl red was achieved. The suspension was then
centrifuged at 7500 x g for 20 minutes and supernatant was
filtered through a 0.45 gm millipore filter. Equal volume
of chloroform was then added to the filtered supernatant and
the extraction procedure was repeated 3 times in a
separating funnel. The solution (total volume: 300 ml) was
concentrated until the final volume was reduced to 5 ml.
The anthranilic acid standard (BDH) and N,N-dimethyl-p-
phenylene diamine (Sigma) were prepared by dissolving 200
ppm of each compound in 100 ml deionized water and was
extracted 3 times by addition of equal volume of chloroform
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and concentrated according to the procedures described
above. The standards and the samples were spotted on silica
gel plates (Silica gel 60 F254 pre-coated, Merck) and
chromatography was performed with a solvent system
containing chloroform:methanol:glacial acetic acid (6:3:1)
for 3 hours. Spots of anthranilic acid was detected at
OD254nm. N,N-dimethyl-p-phenylene diamine appeared as purple
spots.
III. By high performance liquid chromatography
1. Sample preparation
The bacteria was grown in Basal Medium(BM) tor 12
hours. One hundred ml of the culture were harvested at 7500
x g for 20 minutes, washed 3 times with 30 mM phosphate
buffer (pH 7.5) and resuspended in 10 ml of the same buffer.
Methyl red (400 ppm) and 1% absolute ethanol was added to
the suspension which was then incubated at 30°C for 2 hours.
Immediately after incubation and at 30 minutes and 1
hour's of incubation, aliquots were taken and were
centrifuged at 7500 x g for 20 minutes and filtered through
a 0.45 µm millipore filter. The samples were then
identified by a high performance liquid chromatography.
Methyl red (Merck), anthranilic acid (BDH) and N,N-dimethyl-
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p-phenylene diamine (Sigma) were used as the internal
authentic standards.
2. HPLC analysis conditions
Column: Altex Ultrasphere ODS reverse phase column (4.6 mm x
cm)
Guard column: Altex Ultrasphere ODS guard column (4.6 mm x 4.5
cm)
Mobile phase: 50% acetonitrile(Mallinckrodt) in double distil
water which was degassed by sonication.
Flow rate: 1 ml per min.
Detection: By UV detector (270 nm)
Optimization of decolorization and degradation of methyl
red in batch culture
I. Assay for methyl red decolorization
Bacterial cells were grown in basal medium (BM) at pH
7.5 and 30°C in a rotary shaker (New Brunswick Scientific
Co.) operated at 250 rpm. When the absorbance at OD660nm
reached 0.2, a 1% inoculum was added to the basal medium.
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The decolorization assay was carried out as following:
the cultures were grown at 30 °C with shaking at 250 rpm.
Aliquots of culture were taken out at regular time
intervals. Growth was monitored at OD660nm. Decolorization
of methyl red was determined by adding equal volume of 6%
trichloroacetic acid (TCA) to the cell culture and the
mixture was centrifuged at 12,000 x g for 10 minutes. It
was then diluted 20-fold with distilled water and its
absorbance was read at OD525nm, which is the maximum
absorption of methyl red under acidic condition, against a
blank of BM which was subjected the same treatment and
dilution. A control which contained the BM without bacteria
was set up and incubated under the same condition.
Decolorization of methyl red was determined as follows:
Absorbance of BMInitial absorbance
during cultivationof BM
*100Deco1
Initial absorbance of BM
II. Optimizing the temperature and pH for growth and methyl
red decolorization of the bacterial culture
Bacterial cells were grown in BM (pH 7.0) containing
100 ppm of methyl red and 1% ethanol. Individual cultures
( % ) =
38
were incubated at 25°C, 30°C and 37°C. In addition, cells
were also grown in BM containing 100 ppm of methyl red and 1
% ethanol. The pH of the individual culture was adjusted to
6.5, 7.0, 7.5 and 8.0 by adding 0.05 M K2HPO4/KH2PO4 buffer,
and all cultures were incubated at 30 °C. Growth of the
cells and decolorization of methyl red in these two sets of
experiment were monitored.
III. Effects of ethanol concentration on growth and methyl
red decolorization of the bacterial culture
Experiments were set up to determine the optimal
concentration for growth and decolorization of methyl red by
the bacterial cells. Cells were grown in BM (pH 7.5)
containing 0.5%, 1%, 2% and 4% (v/v) ethanol at 300C.
Growth of the cells and decolorization of methyl red were
monitored by the methods described above.
IV. Effects of carbon sources on growth and methyl red
decolorization of the bacterial culture
The effects of several carbon sources on cell growth
and the extent of decolorization of methyl red were examined
with BM containing 0.1% .1 0.2%, 0.5% and 1% (wt. /vol) of
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different selected carbon sources. The selected carbon
sources included citrate (Sigma), pyruvate (Sigma), acetate
(Sigma), ethanol (Merck), lactate (BDH), 1-propanol (Merck)
and 1-butanol (Merck). The pH of the medium was 7.5
maintained by 0.05 M phosphate buffer. Cultures were
incubated at 30 °C with shaking at 250 rpm in a rotatory
shaker. Cell growth and decolorization of methyl red were
monitored by the methods described above.
V. Effects of complex organic nutrients on growth and
methyl red decolorization of the bacterial culture
The cultures were grown in BM containing 1% ethanol as
carbon source, with the addition of various combination of
organic nutrients at a concentration of 0.5% (wt./vol.).
The organic nutrients used were: yeast extract (Difco),
bacto-peptone (Difco), phytone (Difco) and tryptone (Difco).
The pH of the cultures were kept at 7.5 with a incubation
temperature of 30 °C in a rotatory shaker at 250 rpm. Cell
rowth and decolorization of methyl red were measured.
VI. Utilization of Methyl red as sole nitrogen source Dy tine
bacterial cells
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In. order to determine whether methyl red was
metabolized as a nitrogen source by the bacterial isolate,
the cells were grown in (NH4)2SO4-free BM containing various
concentrations of methyl red at 50, 100, 150 and 200 ppm.
All cultures were incubated at 30°C for 72 hours and dry
weight of the cell mass from each culture was determined. A
control was set up in which the bacteria was grown in
(NH„) ,,SOA -free BM without methyl red.
VII. Utilization of methyl red reductive cleavage products
(anthranilic acid and N,N-dimethyl-phenylene-diamine) as
sole nitrogen source by the bacterial cells
The cells were grown in (NH4)2So4-free BM containing
various concentrations of either anthranilic acid and/or
N,N-dimethyl-phenylene-diamine at 50, 100, 150 and 200 ppm.
All cultures were incubated at 30°C for 72 hours and dry
weight of the cell mass from each culture was determined.
VIII.Evaluation of methyl red toxicity on the bacterial isolate
In order to evaluate the toxicity of methyl red on the
bacterial isolate, the cell were grown in BM containing
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various concentrations of methyl red at 0, 25, 50, 100, 200,
300, 500, 700 and 1,000 ppm. All cultures were incubated at
30 Oct and cell growth and methyl decolorization were
monitored as described. The toxicity of methyl red was
determined as follows:
'bl
inhibition= 100 xµ (bl) (dye)
µ (bl) and A (dye) are values of specific growth rate(µ)
measured in the absence and presence of the dye.
th time required to reach 50% growth of the control
EC50 50% inhibition of the specific
growth rate of the bacteria
Decolorization of methyl red by cell-free supernatant
Cell-free extract was prepared by growing the cells in
BM with 100 ppm methyl red at 30°C on a rotatory shaker (250
rpm) for 12 hours. Cells were then collected by
centrifugation at 7500 x g for 20 minutes. The cell pellet
was resuspended in 30 mM phosphate buffer (pH 7.5) and
washed 3 times with and resuspended in this buffer. Ten ml
of the cell suspension were sonicated for a total of 10
42
minutes with 2 minutes intervals. Then the homogenate was
centrifuged at 25000 x g for 60 minutes, and the cell-free
supernatant was used in the assay mixture.
Assay of azo-reductase activity was carried out as
following: the assay mixture contained 0.5 ml of 1 M
potassium phosphate (pH 7.5), 0.1 ml of 0.6 mM methyl red,
0.1 ml distilled water and 0.2 ml of cell-free supernatant.
The reaction was initiated by the addition of 0.1 ml of 10
mM NADH, and the reaction was monitored at 25°C by measuring
changes of absorbance at OD 423nm which is the maximum
absorption peak of methyl red at pH 7.5.
The effect of NADH and NADPH as cofactor for the azo-
reductase activity was evaluated. Either NADH or NADPH at
0.03 mM, 0.06 mM, 2.5 mM, 10 mM, was added to the reaction
mixture to initiate the reaction as described above.
An experiment was also carried out to determine the
effect of pH on the activity of azo-reductase. 0.5 ml of
0.2 M potassium phosphate buffer at pH values 6, 6.3, 7, and
7.5 0.2M acetate buffer at pH value 4, 4.5, 5, and 5.5 and
0.2 M citrate phosphate buffer at pH values 5.5, 6.0 and 6.5
was added separately to the reaction mixtures. The reaction
rate was monitored as previously described. Since many azo-
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dye can be non-enzymatically reduced by NADPH (Hernandez et
al., 1967), a sample containing no enzyme(cell free extract)
was also incubated and assayed in exactly the same manner as
the samples containing enzyme. The non-enzymatic reaction
rate by NADH was subtracted from the reaction rate obtained
in the presence of enzymes.
Cell-free extract was prepared by growing the cells in
BM without methyl red at 30°C on a rotatory shaker (250 rpm)
for 12 hours. The cells were collected and cell free
extract was prepared as described before. The azo-reductase
activity was determined and compared with the previous
extract that grew with methyl red and determine the
inducibilitv of the azo-reductase.
The azo-reductase activity in the culture supernatant
was determined. A. liquefaciens S-1 was cultured as
described previously. The culture was centrifuged at 25,000
x g for 30 min and the supernatant was then filtered through
a mini-pore filter. All procedures were carried out at 4°C
and supernatant was saved for the determination of azo-
reductase activity as described before.
The azo-reductase activity under anaerobic condition
was also investigated. The assay mixture and NADH solution
were bubbled with nitrogen gas for 30 minutes. The reaction
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was initiated by the addition of 0.1 ml of 10 mM NADH in the
cuvette (volume= 1 ml) containing the assay mixture and the
cuvette was sealed quickly with paraffin. The reaction was
followed up to 2 minutes as described previously. Cell free
extract of an uninduced culture that grew in BM without
methyl red was also assayed for the azo-reductase activity.
The azo-reductase activities in cultures grown with
different carbon sources were determined. The concentration
of the carbon sources used were 0.2% (w/v). The bacterial
cells were prepared as described. The cell density was
adjusted to O.D.660nm equal to 1 when the bacterial cell
suspension was diluted ten times. Then cell-free extracts
were prepared by sonication and centrifugation as described
before.
The cell free extract of a static culture grown upon
potassium nitrate (ig/l) as sole nitrogen source was also
prepared. The cell density was adjusted as described above
and the specific activity of the azo-reductase present was
assayed.
Immobilization studies of methyl red decolorization and
biodegradation
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I. Selection of the immobilization method for the bacterial
cells
Preliminary assay for methyl red decolorization by
immobilized cells
The methyl red decolorization assay was carried out by
pre-incubating of a mixture of 0.5 g dry weight of cells
(except 0.1 g in the case of immobilization by cellulose)
which. was immobilized in various matrix and 19 ml 1%
ethanol in 0.05 M pH 7.5 Tris buffer for 30 minutes. After
pre-incubation, the reaction was started by the addition of
1 ml 2000 ppm methyl red solution and incubated for 1 hour.
After the reaction, 1 ml of the reaction mixture was taken
out and the decolorization was measured by the method
escribed above.
Preliminary assay for methyl red decolorization by intact
cells
The methyl red decolorization assay was carried out by
pre-incubation of a mixture of 0.5 g dry weight of intact
cells and 19 ml 1% ethanol in 0.05 M pH 7.5 Tris buffer for
30 minutes. After pre-incubation, the reaction was started
by the addition 1 ml of 2000 ppm methyl red solution and
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incubated for 1 hour. After the reaction, 1 ml of the
reaction mixture was taken out and the decolorization was
measured by the method described above.
A. Cross-linking by glutaraldehyde (modified from Chibata
et al, 1974)
0.5 g (dry weight) of intact cells was suspended in 10
ml of 0.9 NaCl. To the suspended, 5 ml of 25%
glutaraldehyde (Sigma) was added, and the mixtures were
gently stirred at 30 °C for 2 hours. Methyl red
decolorization was measured by the previously described
assay method.
B. Adsorption on cellulose (modified from Koshcheyenko
and Sukhokolskaya, 1985)
A bacterial suspension (10 ml ,100 mg) was added to a
cellulose suspension in 0.05 M potassium phosphate buffer,
pH 7.5 (7 g cellulose (Sigma) in 100 ml buffer). It was
then shaked at 200 rpm for 30 minutes at 30 °C and was left
overnight at 4 °C. The free cells were separated by
centrifugating for 15 minutes at 1500 x g and washed with
the same buffer.
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C. Gel-entrapment by calcium alginate (modified from
Kierstan and Coughlan, 1985)
Equal volume of aqueous sodium alginate (Aldrich)
solution (4% w/v) and cell suspension (1 g dry weight per 10
ml) was mixed gently. The mixture was extruded dropwise via
a 10 ml syringe from a height of about 10 cm into an excess
of 0.2 M CaCl 2 solution. The beads were left to harden in
the CaCl 2 solution for about 2 hours and were stored in 4°C
in 0.2 M CaCl2.
D. Entrapment in k-carrageenan (modified from Tosa et.
al., 1979)
4% (w/v) k-carrageenan (Sigma) was dissolved in 0.9%
NaCl which was pre-warmed at 80°C, and the solution was
kept at 65 °C. Equal volume of cell slurry (1 g dry weight
per 10 ml) and k-carrageenan solution was mixed and the
mixture was added dropwise, using a syringe to a 0.2 M KC1
solution. The beads formed were left to harden in the KCl
solution for 3 hours and was stored at 4 °C in 0.2M KC1
solution.
II. Optimization of decolorization or metnyl rea Dy
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immobilized cells using calcium alginate as matrix
Assay for methyl red decolorization by the immobilized
bacterial cells
The methyl red decolorization assay was carried out by
pre-incubating a mixture of 2 g immobilized cells and 9 ml 1
% absolute ethanol in 0.05 M pH 7.0 3-(N-
Morpholino)propanesulfonic acid (MOPS) buffer and 0.1 M
CaCl 2 for 30 minutes. After pre-incubation, the reaction
was started by the addition of 1 ml 2000 ppm methyl red
solution and incubated for 1 hour. Aliquots of 0.5 ml of
the reaction mixture was taken out at 15 minutes intervals
and the decolorization of methyl red was measured by the
method described above. A cell free calcium alginate matrix
was prepared and determined the absorption of methyl by the
matrix.
Assay for methyl red decolorization by intact cells
The methyl red decolorization assay was carried out by
pre-incubating a mixture of 0.25 g intact cells (dry
weight), 9 ml 1% ethanol in 0.05 M pH 7.0 MOPS buffer and
0.1 M CaCl 2 for 30 minutes. After pre-incubation, the
reaction was started by the addition of 2000 ppm methyl red
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solution and incubated for 1 hour. Aliquots of 0.5 ml of
the reaction mixture was taken out at 15 minutes intervals
and the decolorization of methyl red was measured by the
method described above.
A. Determination of the optimal amount of cells entraped
in alginate beads
Bacterial cells at 0.005, 0.01, 0.03 and 0.05 g per ml
were entraped in calcium alginate. Methyl red
decolorization was monitored by the method described above.
B. Comparison of azo-reductase activity of immobilized
and intact cells
Eight g of immobilized cells and/or 0.8 g (dry weight)
of intact cells were incubated in 0.05 M MOPS buffer (pH
7.0) at 30 °C. Immediately after incubation and at 24, 48,
and 96 hours of incubation, 2 g of immobilized cells or 0.25
g intact cells were taken out by filtering (by Whatman No. 1
filter paper) or by centrifugation (5000 x g for 15 min.)
and were used in the the methyl red decolorization assay as
described.
C. Effect of pH on methyl red decolorization by the
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immobilized bacterial cells
Determination of the pH optimum for methyl red
decolorization by the bacterial cells immobilized in calcium
alginate
Two g of immobilized cells were incubated in 0.05 M
Tris-mealeate buffer (pH 5.5, 6.0, 6.5, 7.0, 7.5, 8.0) or
0.05M MOPS buffer (pH 6.0, 6.5, 7.0, 7.5, 8.0) and the
decolorization assay was proceeded as described above.
pH stability of calcium alginate-immobilized cells
Six g of immobilized cells were incubated in 0.05 M
MOPS buffer (pH 6.0, 6.5, 7.0, 7.5, 8.0). Immediately after
incubation and at 72 and 168 hours of incubation, 2 g of
immobilized cells were taken out by filtering (by Whatman
no. 1 filter paper) and were used in the methyl red
decolorization assay.
D. Effect of temperature on methyl red decolorization by
the bacterial cells immobilized in calcium alginate
Six g of immobilized cells were incubated in u.u5 M
MOPS buffer (pH 7.0) and 0.1 M CaCl 2 at 20, 30 or 37 °C.
Immediately after incubation and at 72, 168 hours of
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incubation, 2 g of immobilized cells were taken out by
filtering through a filter paper (Whatman no. 1) and was
used in the decolorization reaction.
E. Effect of ethanol concentration on methyl red
decolorization by cells immobilized in calcium
alginate
Two g of immobilized cells was incubation in 0.05 M
MOPS buffer(pH 7.0) and 0.1 M CaCl 2 at 30°C. After pre-
incubation for 30 minutes, 0.05, 0.1, 0.2, 0.4, 0.6, 0.8,
1.0, and 2.0% ethanol was added to the reaction mixture,
respectively. Decolorization of methyl red was monitored as
described before.
F. Kinetic study of methyl red decolorization by cells
immobilized in calcium alginate
Two g of immobilized cells was incubation in 0.05 M
MOPS buffer (pH 7.0) and 0.1 M CaCl 2 at 300C. After pre-
incubation for 30 minutes, 100, 200, 500, 700, and 1000 ppm
methyl red was added into the reaction mixture and the
dhcolorization of methyl red was monitored.
G. Kinetic study of methyl red decolorization by
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continuous column experiments
The immobilized beads were prepared as described
previously. Seven ml (5 g) of immobilized cells was packed
into a column (Bio-rad Econo-column, 1.0 x 20 cm, fitted
with a flow adaptor) with enough MOPS buffer (0.05 M MOPS
buffer, pH 7 and 0.1 M CaCl2). The column was flushed with
the same buffer at a flow rate of 10 ml per hour by a
peristaltic pump (Gilson) for 2 hours. Then the input buffer
was replaced by MOPS plus 100 ppm methyl red. The column
was then run for 24 hours with the same flow rate and the
effluent was collected by a fraction collector (Retriever
IV, ISCO) at each 5 ml fraction. After adding 1 ml 6% TCA
to each fraction, the extent of decolorization of methyl red
was measured.
In other experiments, the flow rate of the inputting
methyl red-containing MOPS buffer was adjusted to 5 ml and
15 ml per hour, and the methyl red concentration was changed
to 25, 50, 100, 300, 500, 700, 1000 ppm. Percent
decolorization of methyl red was determined.
In order to determine the wash out effect of the cells
from the beads during the operation, two grams of beads with
immobilized cells before and after the experiment were taken
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from the column and dissolved in 40 ml 0.4 M pH 7.5
phosphate buffer. Serial dilution of the suspension was
prepared and the cell number was determined by spread plate
count.
H. Continuous column study of methyl red degradation by
HPLC
The bead with immobilized cells were prepared and
packed into a column as described, and the continuous
decolorization of methyl red was performed as described
above. The samples were collected with a fraction collector
and was immediately centrifuged at 10000 x g for 20 min. and
was filtered through a minipore filter (0.45 µm). The
concentration of methyl red and the degraded products,
namely anthranilic acid and N,N dimethyl-p-phenylene
diamine, were determined by HPLC.
Study of methyl red decolorization by continuous culture
I. Determination of optimal aeration and agitation rate
A batch culture experiment was carried out in a bench
top chemostat (Bioflo, New Bunswick). The culture medium
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used was BM (without ethanol) plus 1% acetate (sodium salt)
and 100 ppm methyl red. 1% inoculum was added to the
culture vessel (working volume 350 ml). The agitation and
aeration rate was varied from 100, 200 rpm and 0.05, 0.1,
0.2, and 0.4 respectively with various combinations of these
aeration and agitation rates. The temperature was set to 30
°C and the initial pH of the medium was 7.5. At indicated
time intervals, 5 ml sample was taken out with the sampler
and the cell density and decolorization of methyl red were
determined as described above.
II. Decolorization of methyl red by a single stage
continuous culture
A bench top chemostat was set up as described above.
The culture medium used was BM (without ethanol) plus 1%
acetate (sodium salt) and 100 ppm methyl red. The inoculum
size was 1% using an overnight culture of the bacteria.
The aeration and agitation rates were set to 0.05 and 200
rpm respectively. The culture was allowed to grow at a
dilution rate D= 0.2 until steady state. At 12 hours'
intervals, the sample was collected from the culture vessel
with a sampler. Cell density and the extent of methyl red
decolorization were determined and pH of the culture was
also measured by a pH meter.
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III. Decolorization of methyl red by two stages continuous
culture
A two stage-continuous culture was set up. The first
stage culture (working volume= 350 ml) was grown with
aeration at 0.05 and agitation of 200 rpm at 30°C as
described above. The second stage culture vessel was a 500
ml flask with an outlet allowing a working volume of 350 ml,
and was maintained at 30°C in a water bath and agitation was
provided by a magnetic stirrer but without aeration. The
outflow from the second stage culture vessel was removed
with a peristaltic pump (Gilson). At 12 hours' intervals,
cell density and methyl red decolorization were monitored as
described above and the pH of the culture was also measured




Stability of methyl red in the culture medium
Preliminary experiments were carried out to ensure that
degradation of methyl red was due to the biological reaction
by the bacterial cells. Among the chemicals treated with
methyl red, observable decolorization only occurred in the
reductive reaction using hydrochloric acid with iron powder
which was not used in any subsequent experiments of this
A negative control flask containing BM, 100 ppm methyl
red and 1% absolute ethanol (pH 7.5) without bacterial cells
was set up. No decolorization of the brownish orange red
solution was observed in this control.
Isolation of methyl red decolorizina bacteria
A strain of bacterium was isolated from Tuen Mun River
which has been heavily polluted by industrial effluent. This
strain S-1 was capable of decolorizing methyl red and
produced clear zones surrounding its colonies against a
brownish-orange background on the SM agar plates containing
study
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100 ppm of methyl red (Fiq. 4 and 5)
Identification and characterization of the isolated
bacterial strain
The bacterial isolated was later identified as
Acetobacter liquefaciens S-1 according to the results
obtained from various cultural, biochemical and
physiological tests. A. liquefaciens S-1 is a Gram-negative,
strictly aerobic, motile, short rod (0.6-0.8 gm by 1.0-1.4
gm)(Fig. 6). Table 2 lists the selected morphological and
physiological characteristics of this bacterium.
Identification of the biodegradation products of methyl red
The biodegradation of methyl red in a culture of A.
liquefaciens S-1 grown in BM at 30°C is shown by the change
in the absorption spectra at indicated time intervals(Fig.
7). Table 3 shows the results on identification of the
degraded products of methyl red by thin-layer
chromatography. Identification of anthranilic acid and N,N
dimethyl-p-phenylene diamine (DMPD) were further confirmed
by HPLC (Fig. 8).
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surrounded by a halo on SM agar plate (pH 7.0) containing
Fig. 4. Showing the colony of A. liguetaciens 5 g
100 ppm methyl red.
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Fig. .5. Showing the halo after removal of the colony of
A. lic uefaciens S-1 on SM agar plate (pH 7.0) containing 100
ppm methyl red
60
Fig. 6. Gram's staining of A. liquefaciens S-1
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Table 2. Selected Morphological and Physiological
Characteristics of Acetobacter liquefaciens S-1
Short rod, 0.6-0.8 gm by 1.0-1.4 gm, usually occurring in
single, motile, gram negative, obligately aerobic
Oxidase test: Negative
Catalase test: Positive













Table 3. Rf values of possible degradation
products of methyl red












Dl= visible (color purple)
D2= fluorescence under UV
Solvents used= chloroform: methanol: glacial

















200 280 360 440 520 600
Wavelength (nm)
%
Fig. 7. Relationship between absorption spectra of cell
free extract incubated with 0.06 mmole methyl red and 1
mmole NADH in potassium phosphate buffer (pH 7.5) and
incubation time. 0 = beginning of incubation; 1, 2, 2, and
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Fig. 8. The identification of methyl red and its
degradation products anthrannilic acid and N,N-dimethyl-p-
phenylenediamine(DMPD) by HPLC. (A) Sample, and (B)
standards.
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Evaluation of methyl red toxicity on the bacterial isolate
Results shown on Table 4 indicated that methyl red at
concentrations up to 100 ppm stimulated the growth rate of
A. liquefaciens S-l, and the growth rate of the culture was
reduced in medium containing methyl red at concentrations
higher than 200 ppm. The inhibitory effect of methyl red at
high concentrations was also evidented by a longer lag time
as indicated by the value of tb. The stationary phase cell
mass also decreased at high methyl red concentrations. On
the other hand, complete decolorization( 100% removal) of
methyl red was observed in cultures containing up to 400 ppm
methyl red. All cultures turned colorless within 13 to 24
hours' incubation at 30°C. In cultures containing methyl red
at concentrations higher than 500 ppm. the percentage
decolorization of methyl red were reduced to a much less
extent and the decolorization was never completed. The
specific activity, in terms of ppm methyl red decolorized
per unit O.D•660 nm' as shown in Table 4, was directly
proportional' to the concentration of methyl red in the
medium while the specific activity of methyl red
decolorization, in terms of% decolorized per unit O.D•660
was rather constant at low methyl red concentrations but
nm
decreased at higher concentrations.
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Table 4. Effects of various concentrations of methyl red on
A. liquefaciens S-1 and decolorization of methyl-
red by the bacterial cells in shaking cultures
grown at 30°C in BM (pH 7.5)
Growth
MMethyl red inhibition Decol
O.D leftconc. (ppm
66Onm)
0 0.57 11.0 2.17 0
12.5 0.79 11.0 2.11 0 0 13
25 0.81 10.5 2.36 0 0 13
50 0.72 11.0 2.40 0 0 13
00.71 10.0 2.69 0100 15
0.54 12.5 2.62 4.46 0 15200






time required to reach 50% growth
stationary phase cell mass (O.D._.
methyl red% left at the beginning of stationaryDecol
phase
time required for complete decolorization
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STUDIES WITH BATCH CULTURES
Growth of the bacteria and decolorization of methyl red in
static and shaking cultures
The growth curves and the time courses of methyl red
decolorization by shaking and static cultures of A.
liquefaciens S-1 grown in BM containing 100 ppm methyl red
and 1% ethanol at 30°C are shown in Fig. 9. In the shaking
culture, decolorization of methyl red occurred immediately
at the beginning of incubation. The decolorization process
proceeded at a maximal rate during late log phase of growth
of the culture (Fig. 9) as indicated by the specific
activity of the culture (Fig. 9A), and decolorization was
essentially completed within 16 hours of incubation (Fig. 9B
and 10). Both the growth rate of the culture and the rate of
methyl red decolorization by the bacterial cells were
reduced in a static culture (Fig. 9D) as compared with those
of the shaking cultures. However, the total methyl red
decolorized per unit O.D•660 of the static culture (Fig. 9C)
was 6 times higher than that of shaking culture.
Decolorization of methyl red by a static culture was also
essentially completed at the 17th hour of incubation and
the cell yield of the shaking culture was 3-fold higher than
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Time (hr.)
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0
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Fig. 9. Growth of A. licruefaciens S-l, decolorization of
methyl red and total methyl red decolorized per unit O.D.q
by bacterial cells in shaking cultures (A and B) and in
static cultures (C and D)
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Fig. 10. Decolorization of methyl red by A..liquefaciens
S-1 grown in BM containing 100 ppm methyl red at 30 °C. A.
0 hour of incubation B. 16 hours of incubation C. culture
supernatant obtained by the bacterial cells from B.
A B C
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Optimizing the temperature and pH for growth and methyl red
decolorization of the bacterial culture
Table 5 shows the effects of pH and temperature on
growth of A. liquefaciens S-1 and decolorization of methyl
red by this strain. A shorter lag time of the culture
growth at 30°C was observed at lower pH as indicated by the
values of tb. However, the specific growth rate and
stationary phase cell mass were highest at pH 7.0 to 7.5.
Complete decolorization was attained at all tested pH and
the shortest time required for complete decolorization of
methyl red in culture grown in medium with a pH 7.5 at 30°C
(17 hr.). Therefore all culture media were adjusted to pH
7.5 in all subsequent experiments.
Table 5 also shows a rise in incubation temperature to
37°C decreased the growth rate and the final cell mass of A.
licfuefaciens S-l. The time required for complete
decolorization was also prolonged. Similar patterns of
culture growth and decolorization of methyl red by the
culture were found when the incubation temperature was
dropped to 25°C. However, the time required for complete
decolorization was prolonged to 18 hr. The specific
activities for methyl red decolorization of A. 1iguefaciens
S-i were relatively constant at all pH and temperature tests
ranging from 43.1 to 57.2 ppm methyl red per unit O.D.
660nm.
Table 5. Effect of pH and temperature on growth of A.
liquefaciens S-l and decolorization of methyl red























































i = specific growth rate
t. = time required to reach 50% growth
M = stationary phase cell mass (°D50nm
Decol. = methyl red % left at the beginning of stationary
phase
Tc = time required for complete decolorization
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Effects of ethanol concentration on growth and methyl red
decolorization of the bacterial culture
Table 6 shows that ethanol at concentrations from 0.05%
to 2% (v/v) could served as sole carbon and energy source A.
liquefaciens S-i in the culture medium, and supported good
growth of this strain. Decolorization of methyl red (100
ppm) was completed within 15 hours in cultures containing
1% ethanol 16 hours in cultures containing 2% ethanol 15
hours in cultures containing 0.35% ethanol. However, at
lower ethanol concentrations, the decolorization process was
incomplete, and the process was directly proportional to the
initial ethanol concentration in the culture medium. The
specific activity also increased as ethanol concentration
increased. However, ethanol concentration at a level higher
than 2% inhibited both growth of A. liquefaciens S-1 and
decolorization of methyl red by the bacterial cells.
Table 6. Effects of various concentrations of ethanol on
growth of A. liguefaciens S-l and decolorization
of methyl-red (lOOppm) by the bacterial cells in













































i = specific growth rate
t, = time required to reach 50% growth
M = stationary phase cell mass (0-D660nm
Decol. = methyl red % left at the beginning of stationary
phase
t = time required for complete decolorization
N?D. = not determined
74
Effects of complex organic nutrients on growth and methyl
red decolorization of the bacterial culture
Organic nutrients, when added to BM, promoted the
growth of the bacteria and the stationary cell mass as
compared with those in culture without the addition of
organic nutrients (Table 7). However, the specific growth
rate was reduced by the addition of peptone. On the other
hand, phytone and yeast extract promoted bacterial growth
by increasing the specific growth rate significantly.
Complete decolorization of methyl red occurred in all
cultures. However, the time required for complete
decolorization varied from 14 hours to 28 hours. Peptone
seemed to be the best organic nutrient that promoted the
decolorization of methyl red.
Effects of carbon sources on growth and methyl red
rIPnn1nrizatinn of the bacterial culture
The growth rate of A. liquefaciens s-1 variea witn
various carbon sources( concentration: 1% w/v) added to the
basal medium (Table 8). The growth rates obtained from, in
descending order, were acetate, ethanol, citrate, lactate,
1-propanol, pyruvate and 1-butanol. The descending order of
tb is lactate, ethanol, citrate, acetate, pyruvate, 1-
Table 7. Effects of complex organic nutrients on the growth


























































































Concentration of each organic nutrient added to basal
medium(BM) was 0.5% (wv).




i = specific growth rate
t. = time required to reach 50% growth
M = stationary phase cell mass (°-D'660nm
Decol. = methyl red % left at the beginning of stationary
phase
t = time required for complete decolorization
Table 10. Effects of carbon sources on growth of A.




























































































































































H = specific growth rate
t, = time required to reach 50% growth
M = stationary phase cell mass (°D-66onm
Decol. = methyl red % left at the beginning of stationary
phase
t = time required for complete decolorization
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propanol and 1-butanol. The stationary phase cell yield was
highest in ethanol and followed by, in descending order,
citrate, lactate, acetate, pyruvate, 1-propanol and 1-
butanol. Generally, the concentrations of the same carbon
source are positively proportional to the extent of
decolorization of methyl red in the culture. The relative
efficiency of methyl red decolorization was found in
cultures which grown with ethanol (1% and 5%) as sole carbon
source. In general, complete decolorization of methyl red
was observed only in cultures grown with alcohols (butanol,
propanol and ethanol) as sole carbon source.
Effects of nitrogen sources on growth of A. liquefaciens S-1
and decolorization of methyl red
Since 1 mole ammonium sulphate contains 2 moles of
nitrogen atoms while 1 mole of potassium nitrate contains 1
moles of nitrogen atoms, adjustment have been made in making
comparison of growth of cells grown with these nitrogen
sources, (e.g. compare the effects of 7.5mM ammonium
sulphate with 15mM potassium nitrate). Table 9 indicates an
increase in stationary phase cell mass was observed at
higher ammonium sulphate concentrations indicating that the
culture were not carbon limiting, but rather nitrogen
limiting. Ammonium sulphate was a better nitrogen source
both for growth of the bacterial cells and decolorization of
methyl red by these cultures.
Table 9. Effects of nitrogen sources on growth of A.







































































i = specific growth rate
t. = time required to reach 50% growth
M = stationary phase cell mass (°Dg50nm
Decol. = methyl red % left at the beginning of stationary
phase
t = time required for complete decolorization
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Utilization of methyl red as sole nitrogen source by the
bacterial cells
In the absence of the major nitrogen source, (NH4)2S04
in BM, methyl red was metabolized as a nitrogen source for
growth of the cells in the shaking culture. However, there
was a lag phase of 24 hours before the culture showed
detectable growth during which decolorization of methyl red
was also initiated (Fig. 11B). The total methyl red
decolorized per unit O.D•660 was extremely high due to low
cell density (Fig. 11A). In cultures containing either
methyl red or of its degradation product, anthranilic acid
as the sole nitrogen source for growth, the cell yield
showed proportional increase with increased concentrations
of methyl red and anthranilic acid. although the yield with
methyl red was 4 times higher than that with anthranilic
acid (Fig. 12).
Utilization of methyl red reductive cleavage products
(anthranilic acid and N,N-dimethyl-phenylene-diamine) as
sole nitrogen source by the bacterial cells
Figure 13 shows the growth of A. liquefaciens S-1
utilizing methyl red, *anthranilic acid, N,N dimethyl-p-
phenylene diamine (DMPD) and (NH4)2S04 as sole nitrogen
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Time (hrs.)
Fig. 11. Total methyl red decolorized per unit O.D.
(Fig. HA) and growth of A. licmefaciens S-l ana
decolorization of 100 ppm methyl red (Fig. 11B) by the cells
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Fig. 12. The stationary phase biomass in cultures grown
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Time (hr.)
Fig. 13. Growth of A. licruefaciens S-l on BM with methyl
red ( ) , or anthranilic acid ( A. ), or N,N-dimethyl-p-
phenylenediamine (DMPD) ( ) , or anthranilic acid and DMPD
( O ) or (NH ) SO ( □ ) as a source of nitrogen for
growth.
NN dimethyl-p-phenylene diamine (DMPD) as nitrogen source.
Methyl red and one of its breakdown product, anthranilic
acid, were found to be almost as efficient as (NH ) SO in
4' 2 4
sensing as a nitrogen source for growth of A. liguefaciens
S-l in terms of final cell yield, although te lag time in
cultures containing methyl red of anthranilic acid were much
longer. One of the degradation products of methyl red, N,N
dimethyl-p-phenylene diamine (DMPD), seemed to be
metabolized by cells of A. licruefaciens S-l, although it
did not appear to be an effective nitrogen source for growth
of the bacterial cells.
Decolorization of methyl red by cell-free supernatant
A. pH optimum of azo-reductase activity
Fig. 14 indicates that the optimal pH of methyl red
azo-reductase in the cell free extract was 6.0. However, a
high level of non-enzymatic reduction of methyl red by NADH
was found to occur at pH lower than 7.0. Therefore, in order
to eliminate the possible error brought about by the non-
enzymatic reduction, pH 7.5 was used in the assay of methyl
red azo-reductase throughout the experiments.
B. Specific activities of azo-reductase























3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5
pH
Fig. 14. pH profile of methyl red azo-reductase activity
in cell free extract
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possess any azo-reductase activity while the uninduced
extract and anaerobic assay gave similar levels of azo-
reductase activities as the induced, aerobic assay of cell
free extract.
C. Decolorization of methyl red required NADH/NADPH
Except the azo-reductase activities of cell free
extract obtained from shaking cultures grown with ethanol as
sole carbon source and KNO3 as sole nitrogen source, and
that grown with.. acetate as sole carbon source and (NH4)2S04
as nitrogen source, which showed similar higher levels, the
azo-reductase specific activity of other shaking and static
cultures, grown with different carbon sources and nitrogen
sources did not show significant variation (Table 11).
Results also indicated that either NADH or NADPH was
required for the decolorization of methyl red, and NADH was
found to be a better co-factor than NADPH for the
decolorization process (Table 12).
STUDIES WITH IMMOBILIZED CELLS
Figure 15. and Figure 16 show the decolorization of
methyl red (100 ppm) by A. liquefaciens S-i grown in BM (pH
7.5) containing 1% ethanol at 30°C.
Table 11 Methyl red azoreductase specific activity in cell free
extract of A. liguefaciens S-l grown under different
















































Table 12.. Effect of co-factor systems (NADH and NADPH) or
decolorization of methyl red by cell free extract of A.
liauefaciens S-l.
Assay conditions Specific activity
(nmoles min mg
protein)
Cell free extract 0








NADH 1.0 mm 0.002
NADPH 1.0 mm 0
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Fig. 15. Set up of a continuous feed column of A.
liquefaciens S-1 immobilized in calcium alginate. A. methyl
red solution (100 ppm) in MOPS buffer, B. peristaltic pump,






Fig. 16. Decolorization of methyl red (100 ppm) by cells
of A. liguefaciens S-1 immobilized in calcium alginate
beads. Arrow indicates direction of feed flow.
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Selection of the immobilization method for the bacterial
cells
Four conventional, simple methods of immobilization
were compared in their ability of decolorization of methyl
red. They included the entrapment by alginate, k-
carraganeen, cross-linking by glutaraldehyde and adsorption
on a-cellulose. However, only in entrapment by alginate and
the extent of decolorization is comparable to intact cell
(Table 13).
Comparison of azoreductase activity of immobilized (by
calcium alginate) and intact cells
The immobilized beads by calcium alginate had a
diameter of 2 mm. At the time of immobilization, each gram
of beads(wet weight) contained 5 x 109 to 10 x 109 viable
cells as determined by plate counts of dissolved bead by 0.4
M pH 7.5 potassium phosphate buffer.
The methyl red azoreductase activity of immobilized (by
alginate) and intact cells were compared. After prolonged
incubation (96 hours), a greater decrease in azo-reductase
activity was found in intact cells (Fig. 17), suggesting a
higher stability of immobilized cells.
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Table 13. Comparison of methyl red decolorization by
different matrix immobilized bacterial cells
and the intact cells.
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Fig. 17. Comparison of azo-reductase activities of intact
cells and cells of A. liauefaciens immobilized with calcium
alginate in batch reactor.
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Optimization of decolorization of methyl red by immobilized
cells using calcium alginate as matrix in batch flask
reactor
A. Determination of the optimal amount of cells entraped
in alginate beads
The absorption of methyl red by the alginate matrix was
negligible. The rate of methyl red decolorization by
immobilized A. liquefaciens S-1 entraped in calcium alginate
beads is directly proportional to the cell amount entraped
in the beads (Fig. 18). However, saturation occurred as the
cell concentration of the beads increased to 0.07 g/ml.
B. Effect of pH on methyl red decolorization by the
immobilized bacterial cells
The pH optimum for methyl red decolorization by the
bacteria immobilized in calcium alginate was determined as
6.0 (Fig. 19). However, after prolonged incubation (day 7),
the highest activity was found at pH 7 indicating that the
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Fig. 18. Effect of cell concentrations of A. liquefaciens
immobilized with calcium alginate on the rate of methyl red
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Fig. 19. Effect of pH on the decolorization of methyl red
by cells of A. licruefaciens S-l immobilized with calcium
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Fig. 20. Effect of pH and incubation time on the
decolorization of methyl red by cells of A. liguefaciens S-l
immobilized with calcium alginate in batch reactor.
C• Effect—of temperature on methyl red decolorization by
the bacterial cells immobilized in calcium alginate
A higher temperature increased the methyl red
decolorization rate as shown in Fig. 21. However, a lower
stability was observed as incubation time increased.
D. Effect of ethanol concentration on methyl red
decolorization by cells immobilized in calcium
alginate
In the absence of ethanol, the methyl red
decolorization can only be maintained at an extremely low
level (Fig. 22), however, even a small amount of ethanol
(0.05%) can increase the rate decolorization to 1.9 (g-bead
1 — 1
hr. ) and the rate was quite constant up to an ethanol
concentration of 2 %.
E. Kinetic study of methyl red decolorization by cells
immobilized in calcium alginate
The results of the kinetic study of methyl red
decolorization was shown in Fig. 23. A first order reaction
kinetic was found when the methyl red concentration was 100
and 200 ppm. A zero order kinetic appeared initially at



















, 2}- Effects of temperature and incubation time on
the decolonization of methyl red by cells of A. liauefacien
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Fig. 22. Effects of ethanol concentration on the rate of
decolorization of methyl red by cells of A. liguefaciens S-l













0 30 60 90 120 15C
Time (min.)
Fig. 23. Effects of initial methyl red concentration on
the rate of decolorization of methyl red by cells of A.
1 1 nI— 1 „
15 minutes of incubation and the methyl red decolorization
rates followed saturation kinetic (Fig. 24).
F. Decolorization of methyl red by immobilized cells using
calcium alginate as matrix in continuous column
A steady rate of decolorization, 0.5% (0.125 ppm) left,
was obtained at 15 hours when the flow rate was 10 ml per
hour and the input concentration of methyl red was 25 ppm
(Fig. 25). The rate decreased to 0.2%(0.05 ppm) after 13
days' continuous feeding of methyl red (Fig. 26).
When 50 ppm of methyl red was used instead of 25 ppm,
0.3% (0.15 ppm) of methyl red remained in the effluent and
the removal rate was steady at 9 hours (Fig. 27). And the
methyl red remained was further decrease to 0.1% (0.05 ppm)
after 5 days (Fig. 28).
As the concentration of methyl red in the input buffer
solution was adjusted to 100 ppm and the flow rate was 10 ml
per hour (Fig. 29), the methyl red concentration decrease
to 0.04% (0.04 ppm) throughout. And the removal was
maintained (Fig. 30 ) during 5 days' continuous incubation.
However, when the flow rate was increased to 15 ml per hour
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Fig. 24. Effects of Methyl red concentration on the rate
of methyl red decolorization by calcium alginate-immobilized
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Fig • 25. Twenty-four hour profile of methyl red
decolorization by the continuous column reactor ( flow rate:
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Fig. 26. Thirteen days methyl red decolorization profile
by the continuous column reactor ( flow rate: 10 mlhr;
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Fig. 27. Twenty-four hour profile of methyl red
decolorization by the continuous column reactor ( flow rate:
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Fig. 28. Methyl red decolorization profile by the
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Fig. 29. Twenty-four liour profile of methyl red
decolorization by the continuous column reactor ( flow rate:
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Fig. 30. A five day profile of methyl red decolorization
by the continuous column reactor ( flow rate: 10 mlhr;
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Fig. 31. Twenty-four hour profile of methyl red
decolorization by the continuous column reactor ( flow rate:
15 mlhr? methyl red concentration: 100 ppm) .
0.2 % (0.6 ppm) of methyl red was left in the effluent
after 24 hours when the input concentration methyl red was
risen to 300 ppm with a flow rate of 10 ml per hours (Fig.
32) . When the methyl red concentration was increased to 500
ppm, 0.4% (2 ppm) of methyl red was left(Fig. 33). When the
concentration of methyl red increased to 700 and 1000 ppm. 1
% (7 ppm) and 17 % (170 ppm) were left in the effluent (Fig.
34 and Fig. 35)
The methyl red decolorization rat in terms of mg methyl
red decolorized per gram immobilized bead per hour in the
continuous flow experiment was indicated in Fig. 24. The
graph indicated a practically complete decolorization
(decolorization over 99.5 %) was found within the range 0 to
500 ppm of methyl red input concentration. Above this
concentration, a saturation kinetic can be observed.
G. Continuous column study of methyl red degradation by
HPLC
The HPLC analysis of biodegradation of 100 ppm methyl
red under a flow rate of 10 ml per hour was indicated in
Fig. 36. The identified degraded intermediates, anthranilic
acid and N,N-dimethyl-p-phenylene diamine, were also
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Fig. 32. Methyl red decolorization profile by the




















Fig. 33. Twenty-four hour profile of methyl red
decolorization by the continuous column reactor ( flow rate:
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Fig. 34. Twenty-four hour profile of methyl red
decolorization by the continuous column reactor ( flow rate:
















Fig. 35. Twenty-four hour profile of methyl red
decolorization by the continuous column reactor ( flow rate:
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Fig. 36. Twelve hours profile of methyl red degradation
and products formation by continuous column reactor (flow
rate:10 mlhr.; methyl red concentration : 100 ppm) analysed
by HPLC.
anthranilic acid were detectable by HPLC in the experiment.
However, DMPD was about 5 ppm at the first hour and then
rose up to 46 ppm at 2 hours and then dropped and maintained
at about 10 ppm level.
STUDIES WITH CONTINUOUS CULTURES
I. Determination of optimal aeration and agitation rate
Since results obtained from preliminary experiments
indicated that the rate of aeration and stirring might
affect the viability and growth of the bacterial cells, a
series of experiments was designed to optimize the
conditions of aeration and stirring in the continuous
culture vessel operated in a mode of batch culture before
the continuous culture experiment was actually carried out.
All cultures were grown at 30 °C. The culture medium used
was the basal medium (BM) containing 1% acetate as carbon
source. pH of the medium was 7.5.
Growth of the bacterial culture and decolorization of
methyl red without aeration is shown in Fig. 37. While
stirring was set at 100 rpm, the cell yield (°-D-660nm) at
stationary phase was 0.126, and the specific growth rate was
found to be 0.145 hr-1. 65% of methyl red was found left in
































Fig. 37. Growth of A. liouefaciens S-l and decolorization
of methyl red without aeration in batch culture (BM
contained 1% acetate and 100 ppm methyl red; stirring:
lOOrpm).
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decolorization of methyl red proceeded to completion at the
36th hour of incubation.
Fig. 38 shows the growth of the bacterial culture and
decolorization of methyl red at an aeration rate of 0.05 and
stirring of 100 rpm. The specific growth rate was
calculated as 0.2027 hr-1 and the cell mass (O.D.) at
660nm
stationary phase was 0.286. Again, 65% of methyl red was
found left when the culture reached the stationary phase and
decolorization of methyl red continued to completion at the
thirty seventh hour of incubation.
When aeration and stirring were set to 0.1 and 100 rpm
respectively, the specific growth rate of the culture was
0.22 (Fig. 39). At stationary phase, the cell yield
(O.D•660nm) measured was 0.128 and 66% of methyl red was
found to remain in the medium. However, decolorization of
methyl red was complete after 32 hours of cultivation.
As stirring was set to 200 rpm and without aeration
(Fig. 40), the specific growth rate of the culture was 0.147
hr-1. The cell mass (O•D•660nm) at stationary phase was
0.114, and 65% of methyl red was left in the medium. The
decolorization of methyl red was continued to completion at
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Fig. 38. Growth of A. licruefaciens S-l and decolonization
of methyl red with aeration in batch culture (BM contained
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Fig. 39. Growth of A. licruef aciens S —1 and decolonization
of methyl red with aeration in batch culture (BM contained





































Fig. 40. Growth of A. liouefaciens S-l and decolorization of
methyl red without aeration in batch culture (BM contained
1% acetate and 100 ppm methyl red; stirring: 200 rpm) .
Fig. 41 shows the growth of the bacterial culture and
decolorization of methyl red in culture with an aeration
rate of 0.05 and stirring of 100 rpm. The cell yield
O,D'660nm at stationary phase was found to be 0.949. The
specific growth rate was 0.27 hr 1. 72 % methyl red was
found left in the medium at the beginning of the stationary
phase, and decolorization of methyl red proceeded to
completion at the thirty second hour of incubation.
When the aeration and stirring were set to 0.1 and 200
rpm respectively, the growth of the culture and
decolorization of methyl red are shown in Fig. 42. The
specific growth rate of the culture was 0.293 hour . The
cell mass (°-D550nm at stationary phase was 0.926 and 77 %
of methyl red was left in the medium. The decolorization
process continued at the stationary phase until 10% of
methyl red was left. Decolorization of methyl red was not
completed.
Fig. 43 shows that when the aeration and stirring were
set to 0.2 and 200 rpm respectively, the specific growth
rate of the culture was 0.327 hr1. Finally biomass yield
q ) at stationary phase was 0.481 and 79 % of methyl
v 660nm
red was left in the medium. Only limited decolorization of
methyl red was further observed after the initiation of the
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Fig. 41. Growth of A. licruefaciens S-l and decolorization
of methyl red in batch culture (BM contained 1% acetate and
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Fig. 42. Growth of A. licruefaciens S-l and decolorization
of methyl red in batch culture (BM contained l-s acetate and
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Fig. 43. Growth of A. liauefaciens S-l and decolorization
of methyl red in batch culture (BM contained 1% acetate and
100 ppm methyl red; stirring: 200 rpm; aeration: 0.2).
Fig. 44 shows the bacterial growth and decolorization
of methyl red at an aeration rate of 0.4 and stirring of 200
rpm. The cell mass (®D.ggQnm) a stationary phase was
0.5953. The specific growth rate of the culture was 0.55
-1
hr . The methyl red left at the beginning of the
stationary phase was 82%, and no further decolorization of
methyl was observed.
When the carbon source, 1% acetate, in BM was changed
to 1 % ethanol and the aeration and stirring were set at
0.05 and 200 rpm respectively, the growth of the culture and
decolorization of methyl red are showed in Fig. 45. The
specific growth rate was found to be 0.25 hour . At
stationary phase, the cell mass as measured at O.D.66Qnm was
0.8 and only 12% of methyl red was left in the medium.
Decolorization of methyl red was complete after 18 hours of
incubation. Table 14 summarizes the data obtained during
the optimization of the culture conditions.
II. Decolorization of methyl red by a single stage
continuous culture
The results obtained from experiments with a single
stage continuous culture using 1 % acetate as carbon source
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Fig. 44. Growth of A. liouefaciens S-l and decolorization
of methyl red in batch culture (BM contained 1% acetate and
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Fig. 45. Growth of A. licruefaciens S-l and decolorization
of methyl red in batch culture (BM contained 1% ethanol and
100 ppm methyl red; stirring: 200 rpm; aeration: 0.05).
Table. 14. Comparative data on cell mass, specific growth
rate, and decolorization of methyl red in batch
cultures operated at various combinations of





























































1 % ethanol as carbon source
0.05 200 0.80 0.25 0.05 18
x = specific growth rate
t, = time required to reach 50% growth
M = stationary phase cell mass (°-D-660nm)
Decol. = methyl red % left at the beginning of stationary
phase
t = time required for complete decolorization
o
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46. The aeration and stirring were 0.05 and 200 rpm
respectively. Steady state of the culture was reached after
72 hours of cultivation. The pH of the medium did not show
obvious change. The cell mass (O•D•660nm) was maintained at
0.8 at steady state. Under such condition, 40% of methyl
red was decolorized by the culture.
The results of a single stage continuous culture using
1% ethanol as carbon source operated at a dilution rate of
D=0.2 Amax are shown in Fig. 47. The aeration and stirring
were 0.05 and 200 rpm respectively. Steady state was
achieved at 60 hours of cultivation. Cell mass (O.D•660nm)
increased to 0.75 after 132 hours and remained constant.
The% methyl red decolorized was constant at a level of 90
The pH of the medium was constant at 7.0.o.
HPLC analysis of the culture supernatant indicated that
methyl red was degraded into its two component molecules,
namely, anthranilic acid and N,N dimethyl-p-phenylene
diamine (DMPD). The concentration of DMPD detected was 2.5
ppm which was much lower than the expected 50 ppm.
Anthranilic acid, the other breakdown product of methyl red
was not detected during the whole experiment when the added
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Fig. 46. Cell mass of A. liquefaciens S-l, pH of the
culture and decolorization of methyl red in single
continuous culture at 30°C (BM contained 1% acetate;
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Fia. 47. Cell mass of A. 1 iquefaciens S-l, pH of_ the
culture and decolonization of methyl red ln Sin?nn
continuous culture at 30'C (BM contained 1« ethanol and
ppm methyl red; aeration 0.05; stirring. 200 rpm) .
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III. Decolorization of methyl red by two stages continuous
culture
The two-stages continuous culture set up is shown in
Fig. 48 Fig. 49 shows the results obtained from
experiments carried out with a two stage continuous culture
set up using 1% ethanol as carbon source operated at a
dilution rate of D=0.2 Amax' The second stage culture flask
had no aeration but the culture was stirred with a magnetic
stirrer (150 rpm). Complete decolorization of methyl red in
the second stage culture flask was observed immediately
after operation (Fig. 49). The pH of the culture was
maintained at 7.0. Steady state of the culture in the
second stage culture flask was achieved after 60 hours of
operation. The cell density was maintained at cell yield
(O.D•660nm))= 0.95 at steady state. However, the cell mass
increased to cell yield (O.D•660nm)= 1.25 after 132 hours.
HPLC analysis of the culture supernatant shows that
methyl red was biodegraded to anthranilic acid and DMPD by
cells of A. liquefaciens S-1. Again the concentration of
DMPD was 8.8 ppm similar to the observation made with
single stage continuous culture operation, anthranilic acid
was not detected during the whole experimental period.
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Fig. 48. Set up of a two stages continuous culture• oftA.
liquefaciens S-1. A. the first stage culture vessel
second stage culture flask C. water bath D. reservoir of
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Ficr. 49. Cell mass of A. 1 iquefaciens S 1, jog of the
culture and decolorization of methyl red m the 2 culture
of the two stage continuous culture at 30 ;c (BM tained 1«
pthanol and 100 ppm methyl red; stirring m 1
vSse?: loo rpm; .aeration in Is culture vessel: 0.05; no
aeration in the 2 culture vessel ).
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Fig. 50. Decolorization of methyl red by A.. liquefaciens
S-1 in the second stage continuous culture flask.
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DISCUSSION
Study of growth of Acetobacter liquefaciens S-i and
biodegradation of methyl red in batch culture
Earlier studies on biodegradation of azo dyes showed
that these dyes are relatively resistant to microbial
biodegradation in the environment and in aerobic wastewater
treatment process (Meyer, 1981). One of the reasons for the
inability of many bacteria to degrade azo dyes may be
attributed to the fact that these dyes are toxic to many
bacteria (Brown et al., 1981 Michaels and Lewis, 1985
Ogawa et al., 1988). Methyl red at a concentration of 100
ppt inhibits the growth of Proteus vulgaris, Salmonella
typhosa, Shi_ eq lla flexneri, and a number of species of the
genera Bacillus, Staphylococcus and Streptococcus (Fung and
Miller, 1973 Chan and Ko, 1978).
The results of the present study revealed that the
strict aerobe A. liguefaciens S-1 not. only completely
removed the color of the methyl red solution, but also
degraded methyl red to two products, namely anthranilic acid
and N,N dimethyl-p-phenylene diamine as identified by TLC
and HPLC during shaking incubation. The efficiency of
decolorization was found to be highest at pH 7.5 and 30°C
as indicated by the shortest incubation time that attained
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complete decolorization (16 hours), whereas a static culture
required 17 hours. The removal of methyl red by cells of A.
liquefaciens S-1 was very efficient as compared with the
removal of other azo dyes by other microbial systems
reported in the literature. A. liquefaciens S-1 completely
decolorized methyl red up to a concentration of 400 ppm with
24 hours' incubation, although methyl red at concentrations
higher than 100 ppm slightly inhibited the growth of the
cells to certain degrees. Ogawa et al.(1981) reported the
maximal removal efficiency of 20 ppm p-aminoazobenzene by a
shaking culture of Pseudomonas pseudomallei 13NA is only 75%
after 96 hours' incubation. In a study on the degradation
of azo compounds by Aeromonas hydrophila var. 24B, the
removal efficiency for 100 ppm of p-aminoazobenzene is 46%,
that for 20 ppm of p-acetamidoazobenzene is 60%, that for 10
ppm of 2,4-diaminoazobenzene is 51%, that for 10 ppm of 4,4-
diaminoazobenzene is 55%, that for 0.22 ppm of dimethyl
yellow is 80%, and that for 100 ppm of p-hydroxyazobenzene
is 20% by shaking cultures after 24 hours' incubation (Idaka
et al., 1978).
In a study of biodegradation of azo compounds by
activated sludge (Yonezasa and Urushigawa, 1977), the
concentration of 50% growth inhibition is 0.079mM (20 ppm).
In the present study,, a pure culture was utilized and the
50% growth inhibition was observed at a methyl red
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concentration of 465 ppm. Also up to 100 ppm, the specific
growth rate was not affected. Therefore, this isolate was
superior to the activated sludge in degrading methyl red at
higher concentration.
Another study by Urushigawa and Yonezasa(1977)
indicated that decolorization of methyl red begins without
induction period and 50 ppm methyl red is 99% removed in
one day which is relatively slow and methyl red
concentration is rather low. The total methyl red
decolorized per unit O.D•660 nm' is directly proportional to
methyl red concentrations in the culture medium until at
higher concentrations where saturation occurred.
Methyl red is soluble in ethanol and alkaline solution
but not in water. One of the advantages in using A.
lictuefaciens S-i for decolorization and biodegradation of
methyl red is that this strain could use ethanol as a carbon
and energy source, and the cell grew well up to 2% ethanol.
However, complete decolorization was not attained in lower
ethanol concentration (lower than 0.35%).
Another advantage is that cells of A. liquefaciens
metabolized methyl red as a source of nitrogen. The two
degraded products identified- anthranilic acid and N,N
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dimethyl-p-phenylene diamine (DMPD), were tested for
metabolism as nitrogen sources. Only anthranilic acid can be
metabolized. It can be, therefore, inferred that methyl red
is first reductively cleaved into anthranilic acid and N,N
dimethyl-p-phenylene diamine (DMPD) and the resulting
anthranilic acid is further metabolized, probably by the 6-
ketoadipate pathway. The total methyl red decolorized per
unit O.D•660 is highest at the late log phase as indicated
in Fig. 9 when (NH4)2S04 was used as a source of nitrogen.
However, as (NH4)2SO4 was substituted by methyl red, the
maximum specific activity was observed at the beginning of
the log phase. This is probably due to that methyl red must
first be cleaved to anthranilic acid and N,N dimethyl-p-
phenylene diamine (DMPD) and the anthranilic acid is then
utilized as a nitrogen source.
It has been reported that in shaking culture of
Pseudomonas cepacia, cell growth is fast and elimination of
p-aminoazobenzene from the culture medium is accomplished
more quickly while the cell density is low- and the dye
decreases slowly at the beginning but decreased quickly
after 24 hours in static culture (Idaka et al., 1987).
Static cultures of Aeromonas hydrophila var. 24B showed a
slower growth rate than shaking cultures, but the extent of
elimination of azo dyes is always greater than that of
shaking cultures (Idaka et al., 1978). Both growth and
removal efficiency of p-aminoazobenzene have been shown to
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be greater in shaking culture than static culture of
Bacillus subtilis IFO-3022 (Horitsu et al., 1977). Our
results showed that there was considerable cell growth in
the shaking culture of A. liquefaciens S-l. However, the
static culture was able to achieve complete decolorization
of methyl red within 17 hours with much less cell growth,
The higher efficiency of methyl red decolorization could be
best shown by the specific activity of a static culture in
which the specific activity of methyl red decolorization was
6 times higher than that of the shaking culture.
Consequently the static culture is a better method if
applied for the treatment of sewage effluent containing
methyl red since removal of large quantities of cells
afterwards is not required.
Decolorization of methyl red by cell-free extract
Reductive fission of azo dyes can be catalysed under
aerobic and anaerobic condition, however, the anaerobic
reduction can be easily, accomplished by a variety of
biological systems. Azo reduction is a the result of non-
specifically interaction between azo dyes and compounds of
the electron-transport chain and thereby served as
artificial electron acceptors. (Hernandez, 1967: Autrup,
1975 Gingell and Walker, 1971). The inhibition of azo
144
reduction by molecular oxygen may be due to the reoxidation
of the postulated intermediates of the reduction, hydrazine
and/or azo anion free radical( Mason et al., 1978). The
sensitivity of azo reduction to oxygen might be understood
as a rate competition of oxidations of reduced electron
carriers in the respiratory chain by either oxygen or azo
compounds as oxidants and the electrons do not reach the azo
dyes when the natural acceptor, molecular oxygen, is present
(Wuhrman et al., 1980).
The methyl red azo-reductase of A. liquefaciens S-1 is
oxygen insensitive in vitro. NAD(P)H is required as an
electron donor, which is similar to the rat liver methyl red
azo-reductase described by Huang et al. (1979) is also
insensitive to oxygen and is NAD(P)H dependent. The p-
aminoazobenzene (PAAB) azo-reductase from Pseudomonas
cepacia is also oxygen insensitive (Idaka et al., 1987). The
pH optimum of the methyl red azo-reductase is 6.0. NADPH
and NADH can serve as co-factor for the decolorization
reaction, and NADH is more effective than NADH, while the pH
optimum of PAAB azo-reductase of P. cepacia is 6.8-7.0, and
NADPH is a more effective co-factor than NADH for the
decolorization.
The absence of azo-reductase activity in the
supernatant of the culture indicated that the azo-reductase
was an intracellular enzyme. Therefore, methyl red must
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first be transported into the cells before it was cleaved by
the methyl red azo-reductase.
The azo-reductase activity was apparently the same in
aerobic and anaerobic incubation. Such an apparent
insensitivity of methyl red azo-reductase to molecular
oxygen suggested the binding of the dye to the enzyme is
strong enough to prevent the intermediate from being
reoxidized (Kulla et al., 1984). The results of enzyme
assays of cell free extract from bacterial cells grown in
static and shaking cultures indicated that the specific
activity in cells of these two kinds of cultures do not
differ greatly. However, the decolorization of methyl red
was more efficient in static culture and was inhibited by
high aeration rate as in continuous culture. Inhibition of
azo-reduction occurred in the presence of oxygen because the
electrons do not reach the azo dyes when the natural
acceptor is present. The inhibition of methyl red reduction
observed in the present study may then be explained as the
competition of electron carriers (possibly NADH) by oxygen
and methyl red. However, probably oxygen did not
exclusively out-compete methyl red. Thus a certain level of
methyl red reduction occurred in shaking culture. On the
other hand, as the oxygen level decreased in the static
culture, the electrons are transported to the methyl red
molecules and so a greater extent of decolorization occurs.
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The competition of electron carriers may also explain the
proportional increase of total methyl red decolorized per
unit O.D.660nm at stationary) as the methyl red
concentration increases.
Effects of various carbon and nitrogen sources on
methyl red decolorization
Similar specific activities of azo-reductase have been
observed in the cell free extracts of bacteria grown in
various carbon and nitrogen sources. However, the extent of
decolorization of methyl red by bacteria grown in basal
medium containing different carbon or nitrogen sources show
substantial differences. The differences may not be due to
the difference in oxygen concentration because the extent of
decolorization is sometimes lower in bacterial culture with
higher growth rates (such as bacteria grown on acetate as
carbon source) since the higher the cell density, the higher
demand is for the oxygen. Based on the above rationale, it
is anticipated that the differences in the extent of
decolorization of methyl red in different cultures may be
accounted for by the differences in the production of
reducing power by a carbon substrate. As indicated in Fig.
51 which is the general metabolic pathway of Acetobacter
sp., the generation of-reducing power, NAD(P)H, is different




































































Fig. 51 Metabolic pathways of species of Acetobacter
(Asai, 1973)
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ethanol generates two moles of NAD(P)H which is more than
one mole of acetate can aenerate.
To further the discussion, the concept of reductance
degree for an organic substrate is introduced. The
reductance degree is the equivalents of available electrons
that may be transferred to oxygen. For a substrate with
formula CHmOl, the reductance degree for this organic
substrate is defined as follows:
214+ m
where T is the number equivalents of available electrons per
gram atom carbon, based on carbon= 4, hydrogen= 1, oxygen=
-2 and nitrogen= -3. The degrees of reductancy of the
tested carbon substrates in the present study are listed
below.









The extent of decolorization of methyl red is in
agreement with the degree of reductance in which the
decolorization is efficient when the degree of reductance of
the substrate is high. The decolorization efficiencies of
methyl red by various carbon sources are not completely
matched with Ts value, probably due to factors such as growth
rates (which may affect the oxygen content in the culture)
and the cell yields.
When ammonium sulphate was substituted by potassium
nitrate as the sole nitrogen source in BM, a decrease in the
extent of decolorization was observed. As nitrate must
first be converted to ammonia for bacterial utilization,
the decrease in decolorization efficiency may be caused by
the diversion of NAD(P)H for the conversion of nitrate to
ammonia.
Immobilization studies of methyl red decolorization and
biodegradation
As the water pollution problem causea py ayes ieeuius
an issue arousing public concern, numerous effort has been
made on the investigation of biodegradation of environmental
pollutants. Recent advances in cell immobilization technique
showed that this type of operation not only provides a
precision control over the process not possible in free
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growing cell (Philips and Poon, 1988), but it also sometimes
provides a higher activity and stability of enzymatic
reaction. Therefore it is an attractive alternative in the
biodegradation of environmental pollutants. Experiments were
carried out in the present study to determine the
appropriate immobilization matrix, optimization of
immobilization conditions and study the degradation kinetics
of methyl red by the immoblized cells of A. liquefaciens S-i
in batch and continuous reactors.
Since it has been known that degradation of methyl red
is carried out initially by the reductive cleavage of the
azo bond, NADH/NADPH was required to serve as a cofactor in
the enzymatic reaction and was converted to NAD+/NADP+. As
the regeneration of NADH/NADPH is necessary to replenish the
reducing power for the reaction, ethanol(l%) was added to
the buffer solution for the generation of NADH/NADPH.
Four kinds of immobilization matrix were tested.
Calcium alginate was found to be the best carrier, probably
due to the mild immobilization procedure used.
Glutaraldehyde, a cross-linking reagent, seemed to be toxic
to the bacterial cells. The azo-reductase activity was lost
completely while the cells were entrapped in k-carraganeen
in which the procedure required a high maturation
temperature (65°C), resulting in the tremendous decrease in
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the efficiency of methyl red decolorization. Adsorption on
cellulose, which is also a mild immobilization procedure,
was however limited by the inability for this method to
immobilize high density of bacterial cells and the bulk of
the matrix.
When the efficiency of decolorization of methyl red by
cells immobilized in calcium alginate was comparable to that
of the intact cells, the azo-reductase activity of the
immobilized cells was found to be more stable than that of
the intact cells after prolonged incubation (96 hrs.), which
suggested a higher stability of this enzyme in the-
immobilized cells.
It has been found that in batch flask reactor, the
decolorization of methyl red at 100 ppm concentration
follows a first order reaction kinetic. It is, therefore,
necessary to introduce a rate parameter for comparative
purposes.
In (Co- C)/ (t- to)K
rate constant (g-bead 'hr. 1)
K
concentration of methyl red at time zero (to)Co
concentration of methyl red at time (t)C
and the weight of immobilized bead was stanaaralzea to i g
(wet weight).
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Within limit, increase in the cell concentration
entraped in calcium alginate increased the rate of
decolorization of methyl red. When the cell concentration
was increased beyond 0.05g/ml, a saturation effect was
observed. Therefore, the cell concentration in the beads was
maintained at 0.05g/ml in all experiments.
The pH optimum for methyl red decolorization by
immobilized cells was 6.0 which is identical to the optimal
pH of azo-reductase activity in cell free extract. Methyl
red decolorization was found to be more efficient at an
initial incubation temperature of 37°C. However, the removal
efficiency dropped after prolonged incubation at this
temperature. Therefore a temperature of 30°C was used
throughout all experiments, at which a relatively consistant
efficiency of methyl red removal was maintained during
prolonged incubation.
Without the addition of ethanol, the rate of methyl red
decolorization was only 0.7 mg g-beadhr.-1. However, with
the addition of only a small amount of ethanol (0.05%), the
rate of methyl red decolorization immediately increased to 2
mg g-beadhr.-1. The addition of ethanol led to the
generation of reducing power by the immobilized cells for
the reductive cleavage of the azo bond of the methyl red
molecules.
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Kinetic study on methyl red decolorization in batch
reactor indicated that the decolorization efficiecy depended
on initial concentration of methyl red. At low methyl red
concentration, the decolorization rate was a first order
reaction while at comparatively higher concentration (above
500 ppm), at least the initial rate was observed as zero
order reaction. For continuous column operation, the
reaction rate also saturated at high initial concentrations
of methyl red. However, methyl red concentration lower than
300 ppm, over 99.5% of methyl can be decolorization.
Decolorization of methyl red was essentially complete in
the continuous column when the initial methyl red
concentration was up to 300 ppm. HPLC analysis of the
outflow fractions revealed that methyl red was undetectable
immediately after operation of the column indicating the
high efficiency of this experimental setup for the
decolorization of methyl red. The fact that anthranilic
acid, one of the breakdown production of methyl red, was
also undetected by HPLC analysis, agreed well with the
previous data that anthranilic acid could serve as a sole
nitrogen source for the growth of the bacterial cells. Both
results confirmed that anthranilic acid was metabolized by
cells of A liquefaciens S-l.
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The low level of DMPD observed at the beginning of
column operation was probably due to small amounts of methyl
red being degraded. As indicated previously, breakdown of
the methyl red molecules took place inside the bacterial
cells, therefore, the levels of breakdown products measured
in the outflow were those being released from the cells or
due to the lysis of the bacterial cells. The first 5 ml
fraction collected (0.5 hour) was the void volume. As the
amount of DMPD eventually accumulated inside the bacterial
cells as the degradation process of methyl red continued,
more DMPD was being excreted into the external solution.
The subsequent decrease of the DMPD level after 2 hours of
column operation might due to transformation or metabolism
of DMPD although the degradative pathway of DMPD has not
been reported in the literature.
Results obtained indicate that methyl red up to a
concentration of 300 ppm was completely decolorized and
biodegraded by the immobilized cells of A. liquefaciens S-1
entrapped in calcium alginate in a continuous feed column
under the present experimental conditions. Essentially
complete decolorization was achieved immediately after the
continuous column was operated. This high removal efficiency
was maintained by the immobilized cells for a relatively
long period of time without regenerating the beads. Still
relatively high removal efficiency( 80-84%) of methyl red
by the immobilized cells was observed when the initial
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methyl red concentration was increased to 1000 ppm
Decolorization and biodegradation of methyl red by
continuous culture
I. Optimization of culture conditions
Since the bacterial cells in the continuous culture
vessel at an aeration rate of 0.5 and stirring speed of 200
rpm cannot be grown up to a biomass comparable to that
obtained in a shaking culture, a series of experiments was
designed to determine the optimal combination of aeration
rate and stirring speed for the growth of the culture grown
in the continuous culture vessel. The results shown in
Table. 14 indicate that an increase in the extent of
stirring from 100 to 200 rpm does not affect growth and
final biomass of the bacterial culture. This suggests that
the inability for the culture to build up to a high cell
density is not due to the stirring factor (i.e. the shearing
force). Rather, it is the aeration rate which greatly
affected the growth rate, stationary phase cell mass and the
decolorization of methyl red. As stirring was fixed at 200
rpm, an increase in aeration rate led to lower efficiency
in the decolorization of methyl red. This result agrees
with the data obtained from static growth of the bacterial
culture. A higher efficiency of decolorization of methyl red
was observed in a static culture as compared with that in a
shaking culture. It is anticipated that higher removal
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efficiency of methyl red could be expected in cultures grown
without aeration. On the other hand, aeration rate was
found to be stimulatory to growth of the culture but
inversely proportional to stationary phase biomass yield.
Therefore, compromise was chosen that the aeration rate and
stirring were fixed at 0.05 and 200 rpm respectively for the
subsequent continuous culture experiments.
When one compares the growth yields in cultures of the
above mentioned experiments with that of the shaking
cultures, lower yields were observed in the aerated
continuous culture vessel experiments. In shaking culture,
1% ethanol gave an absorbance value of 2 at O.D•660nm at
stationary phase while in the aerated continuous culture
vessel, a value of 0.8 was obtained. When using 1% acetate
as carbon source, the absorbance reading (O•D•660nm) was
also 2 in shaking culture, but in culture grown in the
aerated continuous culture vessel only gave a reading of
0.9. This result suggests that the limiting factor
governing the growth of A lictuefaciens S-1 in the aerated
continuous culture vessel was probably the aeration rate,
and not the nutrient supply or the stirring effect.
In shaking culture experiments, decolorization of
mthvl red occurred. in the late log phase and little
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decolorization was observed when the culture entered
stationary phase of growth. However, in experiments carried
out in the aerated continuous culture vessel, except those
with high aeration rate (i.e. 0.2 and 0.4), decolorization
of methyl red was proceeded further into the stationary
phase until completion. This further suggests the process of
decolorization of methyl red was suppressed by high aeration
rate (probably the high dissolved oxygen content) since the
breakdown of methyl red molecules is mediated by a reductive
cleavage reaction.
II. Study with single stage continuous culture
The clarification of methyl red using continuous
culture of A. liquefaciens S-1 utilizing 1% acetate and 1%
ethanol as carbon sources were accompanied by the lowering
of the pH of the culture from the initial 7.5 to
approximately 7.0, probably due to the metabolism of the
bacteria. Steady state of the culture was achieved after 72
hours of cultivation when 1% acetate was used as carbon
source, and 60 hours when 1% ethanol was employed as carbon
source. Steady state cell biomass (O.D•660nm= 0.8) was
higher when acetate was used as carbon source that when
ethanol was used as carbon source (O.D•660nm= 0.5).
However, decolorization of methyl red was much more
efficient in culture using ethanol as carbon source (90%
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removal) as compared with that using acetate as carbon
source (40% removal) regardless of the higher cell biomass
of the latter. This result was consistent with ethanol as
the best carbon source for the decolorization of methyl red
by A. liquefaciens S-i.
In continuous culture of A. liquefaciens S-1 using 1%
ethanol as carbon source, the cell mass was found to be
increased from O.D•660nm= 0.40 to 0.75, however
decolorization of methyl red was unaffected. The increase in
cell yield is probably due to a unintended increase in
aeration rate during operation, which led to the increase in
specific growth rate and hence the cell biomass.
Theoretically, and increase in cell mass would enhance the
decolorization of methyl red. However, the decolorization
process is inhibited by high aeration rate. Hence the
observed experimental result might represent a balance of
these two effects.
In a single stage continuous culture study using
Pseudomonas pseudomallei 13NA to remove the azo dye p-
aminoazobenzene from the culture medium, only 64% removal
was attained at a p-aminoazobenzene concentration of 5 ppm
(Ogawa et al, 1982). When higher concentration was used (20
ppm), a maximum removal efficiency of 57.5% was obtained.
In the present study, a 90% removal efficiency of methyl
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red at a concentration of 100 ppm was achieved by cells of
A. liquefaciens S-l. That only very low levels of methyl red w
detected by HPLC immediately after operation of the
continuous culture can be explained by the fact that methyl
red can serve as nitrogen source for A. liquefaciens S-1.
III. Two-stage continuous culture
Since decolorization of methyl red was more efficient
in static culture than in shaking culture, the two stage
continuous culture was so designed that the second stage was
a static culture without aeration. As indicated in Fig. 49,
the steady state cell mass of the second stage continuous
culture was much higher than that of the first stage.
Decolorization of methyl red was completed (100%
decolorized) with such a two stage continuous culture set up
by cells of A. liquefaciens S-i. The dye removal was much
more efficient than results obtained with a 3-stage
continuous culture of Pseudomonas pseudomallei 13NA (Ogawa
et al, 1982) to remove 5 ppm p-aminoazobenzene from the
culture medium, at a removal efficiency of 84%.
While the initial methyl red concentration was high
(eg. 500 ppm), the two breakdown products of methyl red,
namely anthranilic acid and DMPD were detectable by HPLC
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analysis. However when the initial concentration of methyl
red was low (eg. 100 ppm), anthranilic acid was undetectable
in the outflow culture medium. This is probably due to the
rapid metabolism of anthranilic acid by the bacterial cells.
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CONCLUSION
Complete decolorization and biodegradation of the azo
dye methyl red by A. liquefaciens S-1 can be achieved in
shaking and static cultures, in continuous cultures and by
column immobilization of the bacterial cells. The batch
cultures cannot be operated continuously for long periods of
time to handle large volume of methyl red solution. The
column immobilization system has the advantage of prolonged
use, and relatively easy to operate. The possible
shortcomings with this system are apparently that it cannot
handle large volumes of methyl red solution within short
period of time and scale up of operation seems to be
difficult with the large amounts of cells required to be
immobilized. The two-stage continuous culture system offers
the advantages of efficient decolorization of large volumes
of methyl red solution, and the system can be operated at
steady state for long period of time. On the other hand,
the operation conditions of this system are quite stringent,
any slight change in aeration would greatly affect the
viability and growth of the culture which in turn affect the
efficiency of decolorization and degradation of methyl red.
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